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Abstract I ii 
Abstract 
The use of active carbon(AC) as a potential adsorbent for the 
removal of uranium from aqueous solution has been 
investigated. Two principal areas have been studied i.e.; 
uranium 
solutions 
solutions. 
adsorption from near-neutral and dilute acidic 
and uranium adsorption from concentrated acid 
The aqueous solution matrix used was nitric acid. 
In the former case , commercial (as-received) and oxidized 
active carbons were investigated. It was noticed that oxidation 
of as-received AC's with nitric acid solution significantly 
improves the adsorption capacity of uranium from both near-
neutral and dilute acidic solutions. Oxidized AC's were 
particularly effective in dilute acidic solution , whilst as-
received AC's have shown little uranium sorption. Batch 
equilibrium isotherms were constructed to compare the 
adsorption capacities of as-received and oxidized AC's. The 
batch kinetics of uranium adsorption was studied and a column 
experiment was performed. 
In the latter case, extractant impregnated active carbons were 
investigated using a technique called extraction 
chromatography . A well known extractant for uranium i.e. tri-
n-butyl phosphate (TBP) was used to impregnate active carbons 
and most of the work was done on uranium solutions of 3 N 
nitric acid concentration. A detailed study was made of the 
batch equilibrium and kinetics of uranium adsorption with 
TBP-impregnated AC's. A series of column experiments were 
carried out with different sizes of column to study 
breakthrough behaviour of uranium. Uranium adsorption using 
two different sources of impregnated active carbons ( coconut 
shell and wood based ) was studied . 
Abstract I iii 
A detailed literature survey has been carried out on the 
process scale applications of extraction chromatography for the 
removal of radionuclides from nuclear waste streams. 
A procedure for the determination of uranium in nitric acid 
solutions by ion chromatography has been developed . The 
analysis were performed using a cation exchange separation, 
post-column reaction with 4-(2-pyridylazo)resorcinol(PAR) and 
UV -spectrophotometric detection. 
The porous structure of active carbons was characterized by 
nitrogen adsorption isotherms using Dubinin-Radushkevich 
equation. A qualitative interpretation of nitrogen adsorption 
isotherms of TBP-impregnated AC's was made. 
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Chapter 1 
Introduction 
This chapter introduces the present work and discusses active 
carbon. A survey is made on active carbon surface oxygen 
complexes and their evolution during production processes is 
discussed. 
1.1. Introduction to Present Study 
The general objectives of radioactive liquid waste treatment 
are; (i) to decontaminate the wastes from the radionuclides to 
such an extent that they can be managed in a simpler way e.g .. 
the contaminated aqueous waste may be either released to the 
environment or recycled as a make-up and (ii) to condition the 
waste concentrate obtained by decontamination. The liquid 
treatment methods which are· in operation at present include 
evaporation , chemical precipitation/flocculation , mechanical 
clarification and ion exchange. The conditioning of low and 
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intermediate concentrate is frequently carried out by 
cementation and bituminization methods. 
Radioactive liquid wastes· are classified into low level 
waste(LL W) , intermediate level waste (IL W) and high level 
waste (HLW). Fig.l.l shows the general level of activity in 
these wastes. The main sources of ILW and LLW are nuclear 
power plants , spent nuclear fuel reprocessing plants and fuel 
processing plants. 
10 
10 
I 
15 
10 
Ci!m 3 
Fig.l.l. Range of classification of liquid wastes:[Koster et al.( 1 )] 
(I Ci = 37GBq) 
In the recent years , public concern on the environment has 
risen tremendously and the requirements for discharging 
liquid effluents and dumping solid waste into the environment 
are becoming more stringent day-by-day. In order to meet 
these strict demands, researchers are facing the challenge of 
improving the existing treatment methods and developing new 
ones. The search for new adsorbent materials is also apparent 
for effluent treatments. This fact is illustrated in Fig 1.2 which 
shows how the a activity of the discharges from the Sellafield 
reprocessing plant to the sea has decreased over 16 years 
[Jones(2)]. This has been achieved by introducing the SIXEP 
(Site Ion Exchange Plant) treatment plant. Another facility is in 
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construction to further reduce the ex-emitting radionuclides 
from effluents. This facility is called the Enhanced Actinide 
Removal plant (EARP). 
200 
15 0 
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Fig.l.2. The alpha activity of the effluents discharged to the sea 
over the year from Sellafield plant (2). 
Ion exchange processes for waste treatment (particularly 
radioactive) are usually based on the use of synthetic 
polymeric ion exchange resins. In recent years, however, there 
has been a growing interest in the development of inorganic 
sorbent materials which have greater thermal and radiation 
stability compared to organic resins and show potential 
advantage in immobilization processes. Carley-Macauly(3) has 
presented a comparison of organic resins and inorganic 
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sorbents ( Table 1.1). Jacobi (4) has recently reviewed the use 
of inorganic sorbent for the treatment of liquid effluents. 
Table 1.1. General comparison of inorganic and organic ion 
exchangers(3) 
Properties Organic Inorganic 
Resins Sorbents 
Thermal stability Fair-Poor Good 
Radiation stability Fair-Poor Good 
Resistance to oxidation Poor Good 
Exchange capacity High Low-High 
Selectivity Available Available 
Regeneration Good Uncertain* 
Specificity Not Known Available 
Mechanical strength Good Variable* 
Cost High Low-High* 
Availability Good Uncertain 
Immobilization Limited Good 
Handling Good Fair/ 
Variable 
The entries marked with an asterisk(*) are those where 
information is limited mainly to that available from small-
scale research work. 
- -- -- - - - - - --------------
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Active carbon is well known for its adsorption properties and 
it is widely used in water treatment processes [Faust(5)]. The 
ion exchange ability of active carbon was recognised about 50 
years ago [see Bartell et.al(27) , Dubinin(28) and Kruyt et 
al.(29)] and Garten et al.(6) , Puri(7) later suggested its use as 
potential ion exchanger. However, there has not been much 
practical exploitation of this ability of active carbons. One 
explanation could be the lack of information available on the 
identity and nature of the functional groups on active 
carbon(Section 1.3). However, there is renewed interest in the 
ion exchange properties of active carbon in order to remove 
,heavy metals from aqueous effluents ( see review in Chapter 
2). The rigid porous structure, mechanical strength , high 
chemical , thermal and radiation stability of active carbon give 
them undoubted advantages over ion exchange resins. 
Another potential area of application is to use active carbon as 
a support for organic solvents in a technique called extraction 
chromatography. Active carbon has received much acclaim for 
its ability to adsorb organics from aqueous solution [Suffet and 
McGuire(8,9)] and solvent supported active carbon could 
provide a useful adsorbent for the treatment of radioactive 
effluents. Some advantages of active carbon supports are 
suggested in Chapter 3 and include high adsorption capacity 
and stability in acidic conditions. 
As mentioned earlier the objective of effluent treatment is also 
to reduce the volume of the solid waste to be disposed to 
environment. Another advantage which active carbon could 
offer in this regard is that it can be incinerated to reduce the 
volume.of solid waste. Incineration of spent active carbon can 
reduce the volume of solid radioactive waste to less than 5% of 
the original volume [Motojima(lO) , Nair(ll).] 
Natural uranium consists of about 99.274% of U-238 , 0.725% 
U-235 and 0.00054% U-234. It is mainly an alpha emitter and 
is highly toxic. As uranium ages , beta and gamma activity 
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increases due to the growth of decay products. Aqueous 
uranium waste arises mainly from spent fuel reprocessing, 
uranium milling and fuel fabrication facilities and normally 
occurs in nitric acid solution. 
The main objective of the present study is to investigate active 
carbon for the removal of uranium from aqueous nitric acid 
solutions. A detail study of uranium adsorption on active 
carbon is carried out by performing equilibrium , kinetic and 
column experiments. 
1.2. Active Carbon 
1.2.1. "Activated Carbon" or "Active Carbon" 
It is interesting to note that an adsorbent which is one of the 
technically most important and most widely used materials in 
many areas of chemical, biochemical and environmental 
engineering has been described by two terms in the literature 
i.e "Activated Carbon " or " Active Carbon ". There seems to be 
no general agreement on the use of these two terms and their 
use has not been standardised. Some authors even have used 
these terms interchangeably in their work. 
The term "activated " carbon has resulted from the process 
referred to as " activation" in which a carbonaceous material , 
with little surface area is oxidized to produce a larger surface 
area. The term " active carbon " came into use to signify 
carbon which had been activated and is therefore , " active". 
Some examples of the use of these two terms from the leading 
published work on this topic are given here 
a) The first book published on this topic in English was by 
Hassler in 1951. He used the term " Active Carbon" as the 
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title of the first edition (12) and "Activated Carbon " for the 
next edition (13). 
b) "Charbons Active " is the title of a French book by Courty. 
published in 1952 (14). 
c) Smisek and Cerny, (15) have published a book which is 
entitled "Active Carbon - manufacture, properties and 
applications" .Both these authors are from Eastern Europe 
and are consistent in the use of term "active carbon" 
throughout the book. 
d) Another book by Mattson and Mark (16) which deals with 
the surface chemistry and adsorption from solution has the 
title "Activated Carbon - surface chemistry and adsorption 
from solution". 
There are several other books in the related area where the 
term activated carbon has appeared.in title (8,9). 
d) "Activated· Carbon - a fascinating material" is the title of the 
book published by Norit, one of the leading suppliers of this 
material in the world (17). 
e) The most recent book on this topic is by Bansal, Donnet and 
Stoeckli (18) and has the title " Active Carbon ". The 
authors have used both terms ,"Active Carbon" or "Activated 
Carbon'"', interchangeably in this book . Here are a few 
examples from the book. 
PREFACE; 
"Activated carbons are unique and versatile adsorbents " 
IN1RODUCI10N; 
"The term activated carbon in its broadest sense includes a wide 
range of amorphous carbons----". This is the passage which 
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defines this material. ( remembering that the title of the book is 
"active carbon " ) . 
"The active carbons are of interest in many areas-----". 
"The adsorbent properties of activated carbons are essentially 
attributed to their large surface area--". 
"The large surface area of active carbons is a result of activation 
process----". 
"The book describes briefly the basic steps in the manufacture of 
activated carbons.---". 
CHAPTERS: 
All the chapter titles in this book use the term active carbon. 
Chapter 1 starts with the title " Manufacture of Active 
Carbon" and states " The manufacture of activated carbons 
involves two main steps-----". 
f) An article in the "newsfront" of the journal "Chemical 
Engineering", appeared with title " New Zip in Activated 
Carbon " in February,1990. 
g) The manufacturers of activated/active carbons also seem to 
use both terms interchangeably. A product information 
brochure from Sutcliffe Speakman Carbons Ltd (19) has the 
title " Active Carbon Specifications ". Inside the brochure, 
though , the term activated carbon has been used for their 
products. 
Carbon 
Norit's similar brochure reads 
Products Information"(20). 
" Norit Activated 
These illustrations show that both terms "active carbon " and 
"activated carbon " have been used to describe the same class 
of adsorbents. Hassler(13) , however , noted that industrial 
workers prefer to use term " Activated Carbon " while scientific 
workers prefer "Active Carbon ". However, this does not fully 
explain the discrepancy in the use of two terms as many 
scientific publications have used the term "activated carbon". 
The use of another term " charcoal " in the same sense also 
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confusing. There is a need to adopt a standard and an 
unambiguous terminology for these class of adsorbents. The 
term "active carbon " has , however , been used throughout 
this work. 
1.2.2. Definition of Activated/Active Carbon 
The following definition appears in Ullmann's Encyclopaedia of 
Industrial Chemistry (21): 
" Activated Carbon(7440-44-0) is the collective name for a 
group of porous carbons. These are manufactured either by 
treatment of carbon with gases or by carbonization of 
carbonaceous materials with simultaneous activation by 
chemical treatment ". 
ASTM (American Society for Testing and Materials) Standards 
(22) define Activated carbon as " a family of carbonaceous 
substances manufactured by processes that develop adsorptive 
properties ". 
Bansal et al. (18) give a broader definition: 
" The term active carbon in its broadest sense includes a 
wide variety of amorphous carbon-based materials prepared to 
exhibit a high degree of porosity and an extended 
interparticulate surface area. These are obtained by 
combustion, partial combustion and thermal decomposition of 
various carbonaceous materials ". 
Active carbon itself comes in the category of carbonaceous 
substances . Thus Smisek and Cerny (15) rightly state that , 
" Active carbon is a porous carbonaceous material, 
prepared by carbonizing and activating organic substances of 
mainly biological origin". 
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Carbonaceous materials are usually classified into two groups. 
Active carbon is included in the group known as "amorphous" 
carbon together with carbon blacks and unactivated products 
of thermal decomposition of organic substances, such as cokes, 
chars, 
includes 
wood charcoal, etc. The other group," crystalline carbon " 
graphite and diamond. Smisek et al.(15) argue that 
this classification cannot accepted now since active carbon, 
carbon blacks and other carbonaceous materials are not 
amorphous but have microcrystalline structure which , 
depending on the conditions of preparation resembles more or 
less closely the structure of graphite (see Section 1.4 ). 
Therefore, the terminology of carbonaceous materials is 
confusing. and a fully rational and generally accepted 
terminology does not exist. Smisek et al. (15) have presented a 
classification of carbonaceous materials given in Table 1.2. 
1.2.3. Manufacture of Active Carbons 
Active carbons are manufactured by 
activation of carbonaceous material. The 
carbonization and 
product of simple 
carbonization, that is pyrolysis of the starting material , is 
generally an inactive material with little porosity. A sorbent 
with highly developed porosity is obtained only by activating 
the carbonized material, for example , with steam at high 
temperature. 
Raw Materials 
Active carbons have been commercially produced from a 
variety of carbonaceous materials. Some of these materials 
include coconut shells , peach pits , sawdust, wood char , lignin , 
petroleum coke , bone char , antharacite coal , coffee grounds , 
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Table 1.2 Classification of carbonaceous materials (15) 
Carbonaceous 
Materials 
Coals 
Chars 
Carbon 
Blacks 
Pure 
Carbons 
(black-coal, lignite, anthracite, etc) 
unactivated(coke, wood-charcoal etc.,and possibly 
bone chars): 
Prepared by pyrolysis of the respective raw 
material. Their structure is only slightly 
porous. 
activated(activated or active carbons): 
Prepared by carbonizing and activating 
various organic substances(materials of 
biological origin, such as wood,coal, coconut 
shells,animal blood etc;(synthetic resins or 
polymers , like Saran, Polyvinylidene chloride 
etc.). The structure of these materials is 
highly porous , as result of a suitable 
activation process 
(lamp, channel,furnace,acetylene and other 
blacks): 
Prepared by burning organic substances of 
high carbon content ( gaseous hydrocarbons, 
oil,etc.) These material can be either porous or 
non-porous. 
crystalline( di amond,graphi te,retort I ustrou s 
carbon) 
non-crystalline(glassy carbon, cellulose, vitreous 
carbon) 
This group of materials,as distinct from coal, 
chars and carbon blacks, is of very high 
purity(practically pure carbon) and has no 
developed porosity. 
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molasses , rice hulls , carbon black , peat , kelp and sugar (13). 
Among those raw materials still used in actual commercial 
production are coconut shell , wood and sawdust , coal and 
petroleum coke , lignite, peat and paper-mill waste (lignin) 
(21,23). 
In research laboratories , reagent grade sugar has often been 
used for the production of chemically pure active carbons 
which exhibit reproducible properties and are easily 
characterized for quantitative study of adsorption parameters 
(16) . 
It should be pointed out that some starting materials yield 
products of unique porous nature, which are preferred over 
other carbons in certain applications For example , active 
carbons produced from high density coconut shell results in 
considerably finer pore-size distribution and greater apparent 
density than that produced from paper-mill waste (13). These 
coconut shell based carbons are preferred in gas adsorption. 
Activation Processes 
Activation refers to the process of producing active carbon 
from carbonized carbons. The commercial production of active 
carbons is done by one of the following two methods. 
1-In the first method, carbonaceous material is first carbonized 
in an inert atmosphere at high temperature to drive off non-
carbon components of the carbonaceous material. This 
inactive carbonized material is then reacted with a suitable 
gaseous substances ( e.g steam ) to produce active carbon. 
The whole process is known as "physical activation". 
2-In this method , carbonaceous material usually of wood 
origin is carbonized with the addition of activating chemical 
agents which influence the course of pyrolysis. The method 
is generally known as " chemical activation". 
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The terms 'physical and chemical activation do not express the 
true nature of the respective processes but they are 
established in the literature. In practice "physical activation" is 
now replaced by the term " steam activation " as this is the 
most widely used activating agent at present. C02 activation is 
only performed with bituminous coal (21,23). 
The exact procedures for the activation of carbons are a closely 
guarded secret within the industry (18). The basic production 
methods can be combined in different ways to make active 
carbons of desired properties. For example so called 
chemically active carbon is subjected to further activation with 
steam in order to increase the number of wider pores. 
Steam Activated carbons 
In this process active carbons are produced by a two stage 
process. Firstly. the raw material is carbonized and charcoal is 
produced , the pores of which are either too small or 
constricted to be useful . The next step , which in some cases, 
takes place at a later stage in the same kiln, is a process of 
enlarging the pore structure so that internal structure is 
produced. This is achieved by reacting the intermediate 
carbonized product with steam between 900 - 1000 oc. 
Activation of carbon with steam , provides a method of 
enlarging the pore structure and creating a range of active 
carbons of different pore sizes to suit different applications. 
Chemically Activated Carbon 
Chemically activated carbons are produced by mixing a 
chemical reagent with a carbonaceous material , usually wood, 
and carbonizing the resultant mixture. Carbonizing temperature 
is relatively low e.g 450-700 oc and the chemical is recovered 
for use after carbonization. The chemicals normally used are 
phosphoric acid and zinc chloride. In the recent years, however, 
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there has been a decline in the use of zinc chloride because 
residual zinc in the carbon is undesirable in many process 
industries. 
The purpose of the chemical reagents in the mixture is to swell 
the wood structure by separating the cellulose microfibrils. 
During the carbonization some shrinkage occurs due to the 
removal of volatile material but the structure is normally 
retained. The presence of chemical reduces tar formation which 
results in higher conversion of wood to carbon.( approx. 50% ). 
The chemically activated carbons and steam activated carbons 
retain a certain resemblance to their starting material . This is 
more marked with chemically activated carbons , which have a 
much higher yield of carbon. The yield of carbon with steam 
activation of wood can be as low as 4% (24). Chemically 
activated carbons lack mechanical strength and are not suited 
to applications in granular form. 
Apart from developing porous structure , the activation process 
also results in the formation of oxygen-carbon complexes on 
the surface of active carbons. These complexes also determine 
its adsorptive properties from aqueous solutions and will be 
discussed in the next section. 
1.3. Chemical Characteristics of 
Active Carbon 
The adsorption properties of active carbons are determined not 
only by pore structure but are also strongly influenced by the 
its chemical composition. The chemical composition of active 
carbon contains two types of admixtures ; 
One of these is represented by oxygen and hydrogen which are 
present on the carbon surface in the form of various complexes. 
(discussed in Section 1.3.1). 
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The .other type of admixture consists of ·ash. The ash content 
and its composition depends on the kind of starting material. 
All the raw materials used for the production of active carbons 
contain mineral components which become more concentrated 
during the activation process. Moreover the inorganic agents 
used in chemical activation are often only incompletely 
removed. Many commercial products contain from a few 
tenths of a percent up to 20% ash. The main constituents of ash 
are the salts of alkali and alkaline earth metals, mostly 
carbonates and phosphates, transition metals and silica. The 
ash content of many products is reduced by water and acid 
washing. 
The presence of ash in active carbon influences the adsorption 
of gases(25) and the adsorption of electrolytes and non-
electrolytes from solution(26). 
1.3.1. Oxygen Surface Complexes 
(Oxygen bonded to carbon surface is designated by different, 
more or less meaningful .names; Oxygen-carbon compounds, 
surface oxides, surface 
oxygen, surface functional 
oxygen 
groups). 
compounds, chemisorbed 
It has been known since 1920's that activated charcoals sorb 
anions (27) and cations (28,29) from electrolyte solutions and it 
is now believed that carbon-oxygen functional groups are 
responsible for the ion exchange behaviour. However, one of 
the fundamental inadequacies in the studies of adsorption from 
aqueous solution has been the lack of definitive information 
concerning the nature and type of functional groups present on 
active carbon. A brief review on the investigations of active 
carbon functional groups is presented here. 
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Oxygen complexes can occur on an active carbon surface by one 
of the following ways ; 
1. They can be derived from the starting material and remain 
·in the structure of the active carbon as a result of imperfect 
carbonization. 
2. They can result from the activation process by the oxidizing 
action of steam ( or C02 or Air). 
3. Oxygen complexes may also form due the presence of 
contaminant air in the activating agent. 
(Air is used in steam activation to convert product gases , CO 
and H2 into steam and C02 to make the process self sustaining, 
the reaction is also exothermic (23,30) 
4. Oxygen complexes can also occur after activation if the 
active carbon is cooled in the presence of atmospheric air 
(21). These oxygen surface complexes also form at ordinary 
temperatures in the presence of air(31) . 
There is a considerable amount of reported work on the study 
of carbon-oxygen complexes [The oxygen-carbon complexes on 
charcoals were under investigation long before the recognition 
of the ion exchange ability (32)]. Most of these studies have 
been performed by reacting 02 or air with carbons of different 
forms( carbon black , graphite , sugar char , active carbon ). 
However, little has been done to study the occurrence of 
surface complexes under conditions which prevail in the 
commercial activation process. Thus , very little is known 
about the formation of oxygen-carbon complexes during the 
steam activation process which is normally carried out in the 
absence of 02. We do not yet know how the surface complexes 
formed by oxidation in a steam atmosphere differ from those 
obtained when only oxygen or air are used to oxidize carbon 
surfaces. 
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Steenberg(33) discussed the surface properties of charcoals in 
respect of adsorption from aqueous solution in 1944. It is 
worth quoting his comments here ; 
"It is practically impossible to obtain two charcoals completely 
identical as regards their quantitative adsorption properties. 
This observation can be inferred from the previous discussion 
of how different methods of activation , varying raw materials 
etc. will influence not only the area of the charcoal per unit 
weight, but also the nature of the surface. These facts will 
immensely complicate the theoretical treatment of adsorption 
on charcoal. 
As the matter stands now , the nature of the charcoal used for 
scientific investigations can only be directly described by 
giving a detailed account of the method of manufacture , and 
the source of the raw material , together with the results of the 
adsorption experiments. Only if such a plan is adopted 
universally will it be possible to compare the findings of 
different investigators, and thereby obtain a means of 
establishing with greater certainty a true conception of the 
nature of the surface of different charcoals." 
Later Bansal et.al.(l8) who surveyed the surface properties of 
active carbon gave a similar opinion: 
"The estimate obtained by investigators using varied 
techniques differ considerably because the carbon surface is 
very complex and difficult to reproduce". 
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1.3.2. Reactions in the Activation Processes 
Oxidation reactions of carbon with activating agents . are given 
here(15,34,35). 
Reaction with Steam 
The basic reaction of water vapour with carbon is endothermic. 
H2 + CO - 31 Kcal (1.1) 
This reaction has been studied extensively because of its 
importance in water gas production, but no definitive reaction 
scheme has been presented. 
The following reaction scheme is accepted as most probable 
H20 + C ------t H2 + (CO) 
(CO) ----------> CO 
H20 .+ (CO) ----+ H2 + (C02) 
(C02) --+ C02 
H2 + (CO) H20 . 
(1.2) 
(1.3) 
(1.4) 
(1.5) 
(1.6) 
Where (CO) and (C02) represent oxygen surface complexes. At 
low temperatures only reactions (1.1,1.3 and 1.4) are important 
because the (CO) complex is thermally stable and does not react 
with H2. At high temperature, about 600-1400 oc , all the 
reactions are important. However, if the conditions are such 
that H2 can not accumulate, reaction (1.6) becomes 
unimportant. 
Activation with steam is carried out at 750 - 950 oc with the 
exclusion of oxygen which at these temperatures aggressively 
attacks carbon and decrease the yield by surface burn-off. 
- - - - - - - - - - -- - - - - - - - - -- - ------------- -
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Due to the 
be brought 
temperature. 
obtained by 
(21 ,23,30). 
endothermic character of the reaction , steam must 
into contact with carbon particles at the reaction 
A useful improvement to the heat supply can be 
combustion of gases produced during activation 
CO + 0.5 Oz ---~ 
H2 + 0.5 02 -----~ 
COz + 68 Kcal 
H20 + 58 Kcal 
(1.7) 
(1.8) 
Oxygen and air are introduced at suitable points in a modern 
furnace which react with CO and H2 to regenerate the activating 
gas. 
Reaction with COz. 
C02 reacts with carbon according to the following reaction; 
C + C02 ---------~ 2CO - 38 Kcal (1.9) 
The activation with C02 involves a less energetic reaction 
than that with steam and requires a higher temperature ( 850 
- 1100 oc ). In industrial processes , flue gas is used as the 
activating agent to which a certain amount of steam is added 
(15). 
More detail on the mechanism of this reaction.can be found in 
the literature (36). Frumkin(37) and Vastola et al.(38) have 
found that reactions of a carbon with C02 at high temperature 
produces active carbon which has maximum surface area but 
essentially no surface functional groups provided an inert 
atmosphere is employed during cooling. In practise, C02 
activation is performed with bituminous coal as starting 
material. 
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Reaction with Oz. 
The reaction of carbon with · oxygen results in the formation of 
CO and C02 with evolution of heat. 
C + Oz COz + 92.4 Kcal 
2C + Oz --~ 2CO + 54 Kcal 
(1.10) 
(1.11) 
The use of Oz as the activating agent has many disadvantages 
and it is therefore rarely used. Because of the exothermic 
nature of the reaction is not easy to maintain the right 
temperature conditions in the reactor and it is particularly 
difficult to make a uniformly activated product. Because of the 
fast reaction of Oz with carbon , burn out does not remain 
limited to the pores but also occurs on the surface of the grains 
causing great loss of carbon. Carbons activated with oxygen 
have a large amount of surface oxides (15). 
1.3.3. H and L Classification of Active Carbons 
Steenberg(33) used a classification of H and L charcoals for 
convenience in his work which later workers also found useful 
as a general classification of active carbons. H active carbons 
(or basic carbons) " adsorb" acid and can only be prepared at · 
high activation temperatures. Active carbons which "adsorb" 
alkali hydroxide are designated as L-carbons( acidic carbons). 
These carbons are generally obtained using an activation 
temperature of less than 600 oc. L-carbons are obtained 
irrespective of activation temperature if the active carbon is 
cooled after activation in the presence of air. They can also be 
produced by oxidizing the as- received carbons with oxidants 
in gaseous or liquid phase. 
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1.3.4. Identification of Surface FUnctional Groups 
Investigations of the surface functional groups of active carbon 
have been either by indirect methods such as desorption of 
surface oxides , neutralization with bases or by direct methods 
such as infra-red spectroscopy. For the most part , early 
investigators have used indirect methods. In recent years, 
though active carbon surface has been investigated directly 
but studies in conjunction with adsorption from aqueous 
solution are scarce. 
A brief general survey of related work in this area is given 
here but with particular emphasis on studies which deal with 
oxidation of active carbon in air or nitric acid. More detailed 
information on surface complexes of active carbons can be 
found in the literature (6,16,18,39-43,47). 
There is also a substantial amount of work reported on the 
surface chemical properties of carbon in Eastern European 
languages which is not generally referred to in the English 
literature though some is cited in (70). 
Indirect Methods 
Thermal desorption 
Oxygen compounds formed on carbon as result of interaction of 
0 2 ,oxidizing gas or solution are generally stable below 200 °C 
irrespective of the temperature at which they are formed. 
However, when they are heated at high temperature they 
decompose to produce COz and HzO at lower temperature and 
CO and Hz at high temperature. 
Puri, Bansal and eo-workers have done a considerable amount 
of work(52-58) in this area and have attempted to correlate 
these results with surface acidity of carbons. The work suggests 
----------------------~----~-------------------------------------------
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that surface chemical structures that evolve C02 are 
responsible for the physiochemical properties observed for L-
carbons and those that evolve CO are responsible for H-carbon 
characteristics. Other workers have also studied surface 
functional groups by thermal evolution of gases 
(59,65 ,66, 7 4,84 ). 
Neutralization Reactions 
It is well known that base absorption by carbons can be related 
to the amount of alkali cations exchanged for hydrogen ions 
furnished by the acidic functional groups present on the carbon 
surface. 
Kruyt and de Kadt (61,62) are reported to be the first to study 
neutralization of charcoal . They suggested that carboxyl groups 
were responsible for acidic behaviour of charcoal which were 
heated in oxygen or air at 400 oc. 
Garten and Weiss (6,44-46) investigated the nature of surface 
structure of carbon blacks. They questioned the existence of an 
acidic group of such strength as carboxylic and suggested that 
the acidity was of a phenolic nature. These workers also 
suggested the presence of fluorescein lactones on the basis of 
reaction of carbon with diazomethane and hydrolysis. Because 
the acidity measured by the diazomethane reaction for phenols 
and f-lactones accounted for only apart of the acidity measured 
by sodium hydroxide , it was suggested that the rest of the 
acidity was due to a group which could react with alkali but not 
with diazomethane. This was considered to be a normal lactone 
group. Therefore, Garten and Weiss are of the opinion that 
acidity of carbons is primarily due to three functional groups, 
phenols , f-lactones and n-lactones. They also suggested the 
presence of a chromene group on basic active carbons(46). 
Puri and eo- workers (31,52,60) , have tried to correlate the 
base neutralization capacity of sugar charcoals and coconut 
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charcoals with the evolution of C02 on evacuation. They hold 
the view that the same surface group which evolves C02 on 
evacuation of charcoals and carbon blacks is involved in the 
neutralization of alkalis. 
Puri et al.(55) also studied the formation of oxygen complexes 
and determined the base adsorption capacity of sugar charcoal 
oxidized in nitric acid. 
Boehm (47) has done co~siderable work with acidic carbons. He 
considered that acidity of carbons results from a wide range of 
relative acid strengths of the surface oxides. He employed 
bases of different strengths (NaHC03, Na2C03, NaOH) in order to 
quantitatively measure and qualitatively identify the type of 
acid surface oxides. He postulated the presence of , carboxylic 
acid, phenol and carbonyl groups. Voll and Boehm (48-51) 
have also published a series of papers in German on the study 
of basic surface oxides of carbon. Papirer et al (74) studied the 
nitric acid oxidized carbon black by neutralization by the 
Boehm method. 
Barton and eo-workers studied the acidic structure of the 
surface of graphite (63-65) and carbon black(66). Their work 
suggested the presence of lactone type surface groups. 
Potentiometric Studies. 
Potentiometric titration studies have been made by many 
workers on surface groups of carbons. These studies are 
extremely difficult to perform because of the internal porosity 
of active carbon which causes a long time of equilibration 
period. 
Puri and co-workers(67) used barium hydroxide to produce the 
titration curve of coconut charcoals and Puri and Bansal (54) 
used the same base to study the titration curves of various 
forms of carbon black. The shape of the titration curves showed 
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the presence of weak acid structures such as phenols because 
pK values were between 9 and 10. However when one of the 
carbon black, Mogul, was oxidized with HN03 , the surface 
acidity increased from 115 to 530 mequ/100 g. The shape of 
the curve indicated the presence of a much stronger surface 
group possibly carbonyl • the pK value being 5.5. 
Garten et al. (45) observed that phenolic hydroxyl groups were 
responsible for the behaviour of the titration curves obtained 
with carbon blacks (Fig.l.3). Villar (68) has made a similar 
observation. Garten et al.(45) , however, observed that it is not 
possible to titrate potentiometrically a mixture of phenol and 
carboxylic acid in aqueous solution. 
Studebaker et al. (69) , using ethylenediamine as solvent , 
observed two rather ill-defined breaks in the titration curves 
of carbon blacks. They implied the presence of phenolic and 
carboxylic groups on carbon black surfaces. 
Sranzhesko and Tarkovskaya (70) determined the 
potentiometric curves to study charcoals produced from 
phenol-aldehyde resin by oxidation with air , nitric acid and 
hydrogen peroxide, and charcoals obtained by processing a 
specimen of charcoal [called BAU in ref(70)] by the same 
oxidants and an alkaline solution of sodium hypochlorite. The 
charcoal was de-ashed and additionally activated in C02 at 900 
oc. The titration curves are shown in Fig.l.4. The curves 
obtained from treated BAU charcoals were smooth but for 
charcoals from resin more or less marked bends were 
observed, which indicated the presence of cationic groups with 
similar acid dissociation constants. The acid dissociation 
constants were calculated for these charcoals by the method 
described in ref.(70). Fig.l.S shows that cationic groups have 
very different dissociation constants • roughly from l0-3 to 
I 0-10 . The highest ionization constants were found for 
charcoals oxidized with HN03. 
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•H 
Fig.l.3. The titration curves of " Carbolac 1" and a sugar 
carbon activated at 400 oc are compared with those of 
formaldehyde condensation resins containing phenolic 
and phenolic and hydroxyl groups, respectively 
[Garten et a1.(45)]. 
Matsumara et al. (71,72) studied the titration curve of carbon 
blacks oxidized with HN03 and hydrogen peroxide using sodium 
hydroxide. Oxidation for a shorter period enhanced the strong 
and weak acid groups , whereas longer periods of oxidation 
enhanced the weak acid groups only. 
8 
:0 
Chapter 1 I 2 6 
•·I 
•·1 
•·l 
·-~ 
HCI, miD 2 4 6 a 10 11Na0H,ml IICI, mll 0 2 4 6 & 10 121'\aOII, 
a b 
Fig.l.4. Titration curves of charcoals from phenol-aldehyde 
resin(a) and BAU(b) oxidized by air(l), nitric acid(2), 
hydrogen peroxide(3), and an alkaline solution of 
sodium hypochlorite(4) [Sranzhesko et al.(70)]. 
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Fig.1.5. pKdis of protogenic groups as a function of pH for 
charcoals oxidized by air(l ), nitric acid(2), hydrogen 
peroxide(3), and an alkaline solution of sodium 
hypochlorite(4); charcoals from phenol-aldehyde 
resin(a) and BAU(b) [Sranzhesko et al.(70)]. 
pH 
Chapter 1 I 2 7 
Papirer and Guyon (73) studied the titration curves of carbon 
blacks. Papirer and Guyon used bases of different strengths 
such as NaHC03 and Na2C03 and NaOH. The titration curves 
obtained showed the presence of two different acid groups of 
pKa values of 5.8 and 9.9 . Papirer et a! (74) studied the nitric 
acid oxidized carbon black by neutralization and thermal 
desorption. They treated carbon black at 400 and 800 oc for 1 
to 2 hrs. They found discrepancy in the amount of oxygen 
obtained by these two methods. Less than half of the oxygen 
detected by thermal desdrption was found by neutralization. 
Polarographic measurement on carbon blacks have shown the 
quinone groups on carbon blacks [ Hallum et al.(75) , Given et 
al. (76)] . 
Specific Identification Reaction 
Several workers have used the specific chemical reactions of 
functional groups to identify their presence on carbon 
surfaces. These reactions have been studied in conjunction with 
base titration. The functional groups most commonly studied 
are carboxyls, phenols,quinones and lactones. 
The reaction of carbon with diazomethane followed by 
hydrolysis has most commonly been used to determine 
carbonyl and phenol groups. The reaction of a carboxyl group 
with diazomethane produces a readily hydrolyzable methyl 
ester (Eq.l.12). 
(1.12) 
While with phenol (in the presence of acid) it produces a non 
hydrolyzable ether (Eq.l.13). 
(1.13) 
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With enols the hydroxyl group is quantitatively converted to 
the non-hyrolyzable methyl ether (Eq.1.14). 
_,CID 
0 0 
I 11 
R-C~ _,C-R 
....:c 
I 
H (1.14) 
With unsaturated carbonyl compounds diazomethane can react 
to form a pyrazoline ring (Eq.1.15)(16). 
0 0 (1.15) 
Garten et al. (45) studied carbon black and Barton et al.(64) 
graphite surfaces using diazomethane. Several other reactions 
have also been used to study functional groups on carbon 
surfaces , Bansal et al.(18) and Mattson et al.(16) have 
reviewed these reactions. 
Djrect Methods 
A considerable amount of work has been reported with 
various forms of infrared spectroscopy on carbonaceous 
materials; Because of the wide varieties of materials studied , 
we only present here the work on active carbon or oxidized 
active carbons. More detail can be found elsewhere (16,18). 
Friedel and Hofer (77) and Friedel and Carlson(78) studied the 
IR absorption spectra of Pittsburg active carbon. The spectra 
showed definite bands at 1735 ,1590 , and 1215 cm-1, which 
were attributed to carbonyl, aromatic structures, or conjugated 
chelated carbonyl and C-0 structures respectively. 
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Mattson et_ aL(79) have used internal reflectance spectroscopy 
to characterize the surface oxygen structure of active sugar 
carbons. They examined the spectra of series of sugar carbons 
activated in 1% and 5% Oz mixture in nitrogen at temperatures 
between 300 and 700 oc. The spectra shows a pair of bands at 
1710-1750 cm·! in each spectrum from 300 to 700 oc. These 
bands were attributed to a pair of adjacent carboxylic acids 
which were created upon oxidation of the edges of the aromatic 
rings.Two other bands at 1590-1625 cm·l and 1510-1560 cm·l 
were designated to the quinone carbonyl groups. 
Zawadzki studied oxidation of carbon films with Oz (80) and 
H N 0 3 (81) by infrared spectroscopy. The carbon films were 
prepared by the carbonization of polyfurfuryl alcohol and 
cellulose. The carbon films oxidized with HN03 were further 
studied after neutralization with NaHC03, NazC03, and NaOH 
solutions.(82). Oxidation of the carbon films with Oz at 200 °C 
produced absorption bands at 1600 and 1260 cm·l and a C= 0 
stretching vibration band at 1720 cm·l. The oxidation at 300 
oc increased .the intensity of the bands at 1720 cm·! and 1260 
cm -I. The C=O stretching vibration, showed the presence of 
lactonic structures. The other acidic structures such as 
carboxylic and phenolic were not observed or were formed in 
small number and had less thermal stability. The absorption 
bands in the range 1500 - 110 cm·l were assigned as 
chromene structures. 
The oxidation with HN03 formed more stable oxygen structures. 
The intense and broad bands of 0-H stretching vibration (3600 
cm -1) and the bands at 1730 cm-1 (C=O stretching ) and 1260 
cm -1 (C=O stretching ) were attributed to carboxyl structure 
while the bands at 1180 cm·1 ( C-0 stretching vibration ) and 
1340 cm-1 (O-H deformation vibration) were assigned to 
phenolic structures. Heating with HN03 treatment produced a 
doublet band at 1840 and 1770 cm·1 with another band at 730 
cm -1. These were attributed to the formation of cyclic 
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anhydrides obtained by dehydration of neighbouring 
carboxylic structures. 
The neutralization of the nitric acid oxidized films with NaHC03 
decreased the intensities of the bands attributed to C=O 
stretching in carboxyl groups(1730 cm·!) and 0-H stretching 
vibration (3450 cm-1)( curve 4) (Fig.l.6). The formation of the 
sodium salt of the carboxylic structures increased absorption at 
1600 and 1380 cm·1 and was attributed to COO- ions. The 
reaction of the film with Na2C03 solution caused a decrease in 
the intensity of the C=O stretching vibration(curve 5) in 
carboxylic groups which are not neutralized by NaHC03. The 
intensity of the 1720 cm-1 band also decreased after ion 
exchange with sodium hydroxide solution (curve 6). The 
presence of 1720 cm-1 band after reaction with NaOH indicated 
the presence of carboxyl structures in micropores not 
accessible to base or C=O groups which were not neutralized by 
NaOH solution. 
Ishizaki and Marti(83) compared the spectra of activated 
carbon(Filtrasorb) before and after neutralization with NaOH 
and HCI solution by transmission infrared spectroscopy. The 
spectra showed absorption bands at 1760-1710 , 1670-1520 , 
1480-1340 , 1300-1280 and 1180-1000 cm·! both before and 
after neutralization. Their interpretation suggests the presence . 
of acidic structures of carboxylic, phenolic and lactonic type on 
the carbon surface. 
Ishizaki (84) have investigated the infra red spectra of 
coal based active carbons produced by steam activation. Three 
broad but distinctive bands were observed centred around 
1735 ,1585 and 1240 cm-1. The 1585 and 1240 cm-1 bands 
were interpreted as some basic oxide structures like u-pyronic, 
proposed by Voll and Boehm(51 ). The 1735 cm-1 band was 
associated to the acidic carbonyl groups mainly lactonic , of a-
pyrone type. They also correlated the intensity of these bands 
quantitatively. 
Chapter 1 I 3 1 
t 
3600 3000 2400 2000 1700 1400 1100 800 cm·1 
Fig.l.6. IR spectra of carbon films oxidized with HN03 and then 
neutralized with NaHC03 , NazC03, and NaOH solutions. 
(1) Carbon film oxidized in HN03 at room temperature ; 
(2) oxidized film neutralized with 0.05M NaOH solution; 
(3) film oxidized with HN03 at 80 °C (1hr) and 100 
oC(1hr) ; (4) oxidized film neutralized with O.OSM 
NaHC03 solution ; (5) oxidized film neutralized with 
0.025M NazC03 solution ; (6) oxidized film neutralized 
with 0.05M NaOH solution [Zawadzki (82)]. 
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Van Oriel (59) studied the FfiR spectra of Norit active carbon 
before and after air oxidation (see Fig.l. 7 and Fig.l.8 
respectively). A3544 is the untreated active carbon and A4135 
is the air oxidized A3544 at 350 °C for 20 hrs. The Fig.l.9 
shows the difference in the spectra before and after oxidation 
It can be seen that C=O stretch vibration at 1735 cm-1 is 
enhanced considerably on oxidation where the 1463 cm-1 band 
vanishes completely. Table 1.3 gives his interpretation of 
spectra. 
Van Oriel (85) investigated treated Norit activated carbons by 
Fourier Transform Infrared Spectroscopy. The differential 
spectra of N2 and 02 treated activated carbon showed a small 
peak at 1727 cm-1 and somewhat larger peaks at 1582 and 
1225 cm-1 respectively. At the same wavelength differential 
spectra of 02 treated and 02. then N2 treated shows negative 
peaks. He used the Ishizaki (84) interpretation of these peaks. 
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Fig.l.7. FfiR spectrum of carbon sample A3544 [Van Oriel(59)]. 
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Fig.1.8. FTIR spectrum of carbon sample A4135 [Van Driel(59)]. 
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Fig.1.9. Difference between spectra of A3544 and A4135 [Van 
Driel(59)]. 
Chapter 1 I 3 4 
Table 1.3. Interpretation of spectrum 
cm' 1 
"" 3500 
2966 
2868 
2347 
1735 
1643 
1608 
1230 
OH stretch vibration with weak H-bridge 
asymm. and symm. C-H stretch vibration in CHl and CHz groups 
assymetric 0 = C = 0 stretch vibration of C02 adsorbed in por~ 
0 0 C = 0 stretch vibration from CHO, COO , _ 11 _ Jl. or 6 -lactone 
c c 
methylene "ibration 
C = 0 in chinone configuration 
C- 0 stretch vibration (fenol, COO-, epoxide) 
Acedo-Ramos et al.(86) studied the FTIR spectra of active 
carbon oxidized in various liquid oxidizing agents.( e.g. H202, 
H2S04, HN03, KMn04, etc.). They attributed the bands 
appearing between 3465-3432 cm·l, 1127-1094 cm-1 and 
1385-1384 cm·l to vibration modes of phenolic hydroxyl 
group. Also bands appeared at 1635-1630 cm·l which were 
associated with conjugated and H-bonded carbonyl and at 
1584 -1556 cm·l were to asymmetric stretching of carboxylate 
anions. 
Other direct methods such as X-ray photo electron spectroscopy 
(XPS) and nuclear magnetic resonance (NMR) have also been 
employed to identify surface functional 
Mattson et al. (16) and Bansal, et al.(18) 
work. 
group . on carbons. 
have discussed this 
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1.4. The Structure of Active Carbon 
The structure of active carbon is believed to be graphite like. 
The structure of graphite is shown in Fig.l.lO and it composed 
of layer planes formed by carbon atoms ordered in regular 
hexagons. The interatomic distance between the carbon atoms 
in the individual layer planes is 1.42 A. The layer planes are in 
parallel array with an interlayer spacing of 3.35 A. 
The structure of active carbon is less perfectly ordered than 
that of graphite. The proposed structure of active carbon is 
shown in Fig.l.ll and is believed to be composed of tiny 
graphite like platelets, which are only a few carbon atoms thick 
and 2-10 A in diameter and form the walls of open cavities of 
molecular dimensions. The hexagonal carbon rings are 
randomly orientated and have undergone cleavage. The 
functional groups on carbon are believed to be located mostly 
at the edges of the broken graphitic ring system. 
6.70 A 
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Fig.l.l 0. Schematic structure of graphite. The circles denotes 
the carbon atoms and horizontal lines carbon to 
carbon band [Bockris(87)] 
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Fig.l.ll. Schematic representation of the proposed structure of 
active carbon. The functional groups are considered to 
be located at the edges of broken graphitic ring 
system [Bockris(87)] 
1.5. Classification of Active ·Carbons 
Due to the wide variation of properties of active carbons there 
is no comprehensive nomenclature or characterization 
available.for AC's. 
The characterization of active carbons on the basis of surface 
functional groups is not possible because of the lack of 
definitive information on the nature and type of these groups. 
Though researcher have often conveniently described active 
carbons as acidic or basic, a classification first adopted by 
Steenberg(33 ). 
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The most often reported porous property· for active carbon is 
nitrogen BET surface area. But the use of the BET method to 
characterise active carbons 
microporous structure, has long 
Section A3 ). 
which have predominantly 
been questioned (Appendix A , 
Grouping according to the end use is not helpful because the 
requirements are so varied . They are , though , some times 
described as suitable for "gas phase" and "liquid phase" 
applications. 
A useful classification is possible on either raw materials or 
production methods but suppliers provided informations are 
limited. 
The commercial classification of active carbons is usually made 
by shape i.e powdered, granular or pellitized active 
carbons(21). A powdered carbon can be described by its sieve 
analysis and granular carbon can have upper and lower size 
limits. Pelletized varieties , usually in cylindrical form have a 
specified diameter and length. 
1.6. Concludin2 Remarks 
Several types of functional groups have been suggested as 
being present on active carbon. Most frequently suggested 
groups include, carboxylic , phenolic hydroxyl and quinone-
type carbonyl groups. Some less often suggested groups include 
ether , peroxide and ester varieties in the form of normal and 
fluorescein-like lactones , carboxylic acid anhydride , and cyclic 
peroxide ( Fig.1.12). 
- - - - -- - - -- - - ---------------------
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Fig. L 12. Proposed functional groups on active carbon surface. 
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Most of the previous studies to identify the functional groups 
on active· carbon had been by indirect chemical methods. These 
have made significant contributions to our understanding of 
the acidic and basic character of active carbons. The 
contributions of Garten, Weiss, Puri and Boehm are particularly 
substantial. The conclusions presented by these researchers are 
still generally accepted today. The use of more sophisticated 
physical methods of analysis e.g FTIR (Fourier Transform 
Infrared) will help to improve our understanding of the nature 
of these functional group.s. 
Manufacturers of active carbons recognise the importance of 
surface complexes on the adsorption from aqueous solution, but 
investigations on their part on active carbon surfaces in 
relation to the activating process conditions are lacking. Active 
carbon producers have to play a greater role if we wish to 
improve our understanding of surface properties of active 
carbon. Garten and Weiss (6) suggested the need to 
characterize surface functional groups in 1957 and in the 
ensuing 34 years period our understanding of active carbon 
surfaces has significantly increased, however , all the surface 
groups have been not been identified and the exact nature and 
type of the suggested functional groups is still not certain. Even 
now , it is not possible to predict what activation conditions 
produce the best adsorbent for a given system or application 
and the selection of active carbon for a particular aqueous 
application still remains somewhat arbitrary. 
To summarise, it is worth restating the comments of Garten 
and Weiss(6) presented in 1957. 
" We believe that manufacturers of activated carbon could , on 
the basis of what is known , provide information concerning 
the nature and concentration of functional groups which would 
enable their products to be used in a less empirical manner. 
The willingness of manufacturers to supply data concerning the 
nature and properties of functional groups of ion exchangers 
--- ----· --------------------------------------
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has undoubtedly been a factor that has led to the extensive use 
of these resins" . 
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Chapter 2 
Adsorption of. Uranium 
-Theory and Review 
This chapters deals with the fundamental concepts of 
adsorption. A qualitative description of adso~ption equilibria , 
kinetics and breakthrough behaviour in an column are given 
here. The chapter also presents a review of the adsorption of 
radionuclides by active carbon with particular emphasis on 
uramum. 
2.1. Theory of Adsorption 
Adsorption involves preferential concentration of a particular 
component onto solids ( called adsorbents ) from either the gas 
or liquid phase. Two phenomena are observed ; physical 
adsorption and chemical adsorption. Physical adsorption is 
caused by intermolecular forces of attraction between the 
molecules of solid and the substance ads or bed and is a 
reversible phenomenon. Chemical adsorption (chemisorption) is 
the result of chemical interaction between the solid phase and 
the adsorbed substance and the process is frequently 
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irreversible. Chemisorption is of particular importance in 
catalysis. 
The adsorption of a solute from a solution onto a solid phase is 
a complex phenomenon and the amount adsorbed is dependent 
on the nature of solvent - solute interactions in the solution 
phase and in the interfacial region. A further complication is 
added if the solution contains a number of adsorbing species 
since competitive adsorption may occur. A rigorous treatment 
of adsorption phenomena is given in the texts of Ruthven(l) , 
Suzuki(2) and Oscik(3). 
2.1.1. Adsorption Equilibrium 
Adsorption equilibrium is commonly expressed in terms of an 
adsorption isotherm. The isotherm is the relationship between 
the amount of solute adsorbed on an adsorbent and the 
equilibrium concentration in solution at constant temperature. 
A typical adsorption isotherm from solution is given in Fig.2.1. 
-.. 
... 
• 0 
E 
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0.1~,..--------,------,------r 
0.10 
0~----~L-----~~-----~~ 0 10 I~ 
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Fig.2.1. A typical adsorption isotherm from aqueous solution. 
[(Cd(II) adsorption from dilute aqueous solution on activated 
carbon (46)) 
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Batch adsorption from solution is frequently modelled by the 
Freundlich isotherm. 
x -Ken 
- e m (2.1) 
Where x is the amount of solute adsorbed and m is the amount 
of adsorbent in a batch and Ce is the equilibrium concentration 
of the solute in solution. K and n are constants characteristic of 
a particular adsorption isotherm. The Freundlich isotherm is an 
empirical expression and as such has no physical basis. The 
Freundlich isotherm does not show any apparent saturation of 
the adsorbing sites. 
The linear fit of Log x/m and Log Ce would give K as intercept 
and n as slope ( Fig.2.2). K is an approximate indicator of 
adsorption capacity and n of adsorption affinity. A high value 
of K indicates high adsorption capacity. A high value of n 
indicates high adsorption of solute at high solute concentration 
and poor adsorption of solute at low solute concentration. 
Attempts have been made to correlate K and n with the heat of 
adsorption (2). 
The most common gas adsorption 
and BET can also be used for 
adsorption equilibrium models 
summarised by Neretnieks(5). 
isotherm models , · Langmuir 
liquid solutions ( 4 ). Other 
for organic solutes are 
The adsorption of a solute from solution is determined by 
immersing a known weight of adsorbent in solutions of 
different solute concentration . When adsorption equilibrium is 
reached, the concentration of the solute on the adsorbent is 
either measured or calculated from the difference in solute 
concentration in solution. 
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Fig.2.2. Typical Freundlich isotherm fits. 
Thus if C0 is the initial concentration and Ce is the concentration 
of solute after equilibrium and m is the mass of adsorbent 
present, then amount of solute adsorbed per unit weight of 
adsorbent is give as 
x_= Co- Ce = (Co- Ce) V 
m m/V m (2.3) 
Where V is the volume of solution used in the batch. 
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2.1.2. Adsorption Kinetics 
The rate of adsorption of a solute from solution depends on 
several factors ; of primary importance are the size and 
structure of the solute molecule , the nature of the solvent and 
the porous structure of adsorbent. The surface chemical 
properties also play an important role for active carbon. 
The adsorption process on a porous adsorbent usually proceeds 
in three consecutive steps. 
1- transport of solute from the bulk of the solution to the outer 
surface of the film surrounding the particle - bulk transport 
2- transport of solute within the film - film transport 
3- transport in the interior of the particle - interparticle 
transport. 
Fig.2.3a is a schematic representation of a porous adsorbent 
composed of macropores and micropores and surrounded by a 
boundary layer or film depicted by the dashed line.. This 
conceptual view is translated into a series of resistances as 
shown schematically in Fig.2.3b. The rate determining step of 
is controlled by the step(s) providing the greatest resistance to 
mass transport. 
lnterparticle diffusion is further 
mechanisms (2). These are; 
distinguished by three 
Knudsen or molecular diffusion - in adsorbents which have a 
bidispersed pore structure ( such as active carbon), 
macropores usually act as a path for the solute molecules to 
reach the interior of the particle. · Knudsen diffusion takes 
place in the macropores of the adsorbent. 
Macropore 
• • • 
• • 
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Micropore 
Fig.2.3a. Conceptual representation of adsorption in porous 
adsorbent [Weber(6)) 
Bulk Solution I Boundary Adsorbent 
I Layer Particle 
Solution Adsorbed 
State Bulk Fim Intra particle State 
Transpon Transpn Transpon 
I 
Fig.2.3 b. Schematic representation of the series of resistance to 
adsorption [reproduced from Weber(6)) 
- --·-----------------------------------------------------------
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Activated diffusion or micropore diffusion - The diffusion of 
the molecule becomes restricted when the size of the 
diffusing solute molecule is close to the size of the pores 
(micropores) , In this. case, the rate of transport in 
micropores have a significant effect on the overall adsorption 
rate. This kind of diffusion is called activated diffusion. 
Surface diffusion - When the solute molecules are mobile on 
the surface(in the interior) of the adsorbent particle, the 
diffusion due to the migration of adsorbed molecules 
contributes towards interparticle diffusion. 
Batch adsorption kinetics is practically studied by two common 
methods (5); finite batch and infinite batch. In the finite batch 
experiment, a known amount of solute in a solution is 
vigorously stirred with a known amount of adsorbent. The 
course of adsorption is followed by measuring the solute 
change in concentration with time. These experiments are 
simple to perform and give good firsthand information on the 
adsorption kinetics involved but the theoretical treatment of 
results is difficult. 
In the infinite batch experiments, the solute concentration is 
kept constant by continued measurement and adding solute at 
the same rate as it is adsorbed. These experiments are difficult . 
to perform and require a special kind of apparatus but the 
model treatment is much simpler as solute concentration is 
kept constant. 
2.1.3. Column Adsorption 
Adsorption of solute( say A) from a solution can also be studied 
by passing the solution through a bed of adsorbent particles. 
The concentration of solute is continuously monitored in the 
effluent solution. The concentration profile of A in the effluent 
solution against the volume of effluent passed is commonly 
called the breakthrough curve. A breakthrough curve may be 
visualized as a trace generated by a hypothetical "adsorption 
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zone" as it moves through the bed. A typical breakthrough 
curve· is shown in Fig.2.4.The breakpoint· is that point when A 
first appears in the effluent . At this point or before operation 
is discontinued and adsorption capacity at this point is called 
breakpoint capacity. The exhaustion point represents the 
complete saturation of the adsorbent bed. 
The shape and appearance of a breakthrough curve depends 
on several factors(7) , including: the physical and chemical 
properties of both the sorbate and sorbent, the influent 
concentration of sorbate , solution pH , the particular rate-
limiting mechanism , the nature of the equilibrium conditions , 
the velocity of flow and column dimensions. The relative effect 
of these factors are specific to the particular adsorption 
application. 
The breakthrough curve generally has an S shape, but may be 
steep or vertically flat and in some cases considerably 
distorted. 
C/Co 
lCo 
0 
F• :;,:;,:;,•:•••1 break point 
capacity 
Fig.2.4. A typical breakthrough curve. 
exhaustion 
of bed 
Effluent Volume 
2.2. Adsorption 
-Literature 
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of Uranium 
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A literature review is presented here on the use of active 
carbon to remove radionuclides generally and uranium 
particularly from aqueous solutions. The adsorption of uranium 
with another adsorbent, bone char is also described. A brief 
reference is also made to the adsorption of other heavy metals 
with active carbons. 
2.2.1. Back2round of Active Carbon Use 
The use of active carbon as an adsorbent in the form of 
carbonised wood dates back many centuries.The Egyptians 
used charcoals around 1500 BC for medicinal purposes and also 
as purifying agent.The ancient Hindus in India filtered their 
drinking water through charcoal. The industrial use of active 
carbon began in 1900-1901 in order to replace bone char in 
sugar refining process. In World War 1 , charcoal was used to 
protect against poisonous gases [Hassler(8)] . Carrubba et a1.(9) 
has made a survey of the milestones in the history of active 
carbon. The first commercial activated carbons were powdered 
carbon products manufactured from wood. The first active 
carbon which went on commercial sale in 1909 was "Eponite" of 
European carbons (9). 
At present the important application of active carbons relate to 
their use in the removal of colour , odour ,taste and other 
undesirable properties from potable waters , in the treatment 
of domestic and industrial waste waters , solvent recovery , air 
purification, for the removal of colour from various types of 
sugar syrups, in the purification of many chemical, 
pharmaceutical and food products and in a variety of gas 
phase applications. The recovery of gold using active carbon is 
practised in South Africa. 
------ -----------
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New applications of active carbons are ansmg in order to meet 
the tightening environmental laws. A recent article in Chemical 
Engineering( 1 0) describes the rapidly growing demands of 
active carbon. Table 2.1 shows active carbon consumption in 
US in 1987 and a prediction for 1992. 
Table.2.l. US consumption of Active Carbon [source(JO)]. 
U.S Consumption of Activated Carbon will Rise by 27% 
Application 
Liquid Phase; 
Sweeteners 
Potable water 
Ground water 
Waste water 
Miscellaneous 
Gas Phase; 
Automative 
Consumptiort(millions of pound) 
1987 1992 
Granular Powdered Granular Powdered 
1 5 
10 
2 
1 6 
24 
8.5 
20 
30 
5 
1 9 
28 
20 
1 5 
2 
1 8 
30 
10 
1 9 
36 
8 
27 
35 
Solvent recovery 1 0 14 
Air purification 8.5 2 1 6 4 
Miscellaneous 11.5 3.1 1 1 4 
Total 105.5 107.1 137 133 
-- - ---------------------
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2.2.2. Adsorption of Inor2anic Metals 
The use of active carbons for sorption of inorganic metals falls 
into three general areas ; hydrometallurgy, trace analysis and 
waste water treatment. 
In hydrometallurgy, the sorption of gold on active carbon from 
aurocyanide leach liquor has found application in the gold-
mining industry. The process has been known since the 1930's 
but its commercial exploitation has on_ly occurred in 1970's. 
The process involves adsorption of gold directly from the 
cyanide leach liquor or pulp by active carbon , followed by 
separation of the gold laden carbon from the pulp by screening. 
The process is called carbon-in-pulp process (CIP) and saves 
the expensive solid-liquid separation step after ore leaching. 
The process is now widely practised in south Africa there are 
about 20 large ( larger than 100,000 tonnes/month) CIP plants 
and many small CIP plants.(ll). McDougall et al.(ll) has 
described the detail of this process. 
The mechanism by which adsorption takes place on active 
carbon in CIP is not completely understood. Several 
mechanisms have been proposed for the adsorption of gold 
cyanide, Au(CN)z- on active carbon( 11,12,13). i.e electrostatic 
interaction , van der Waals interaction, adsorption in the 
electrostatic double layer, and a reduction mechanism. Bansal 
et a1.(12) and McDoughall et al. (11) have reviewed these 
proposed mechanism of gold adsorption. 
Active carbon has been used for the trace analysis of various 
metals(I4). The metals are concentrated by complexing with 
organic ligands . in aqueous solution and then adsorbed on 
active carbon. The elements are then determined by 
conventional techniques. 
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There is a. considerable interest in the sorption of heavy metals 
with active carbons from aqueous solution . Some metals 
which have been studied are, cadmium , iron , chromium, 
copper, mercury, cobalt and vanadium. Bansal et al. (12) and 
Huang (15) have reviewed the applications of active carbon to 
remove these metals from aqueous solutions. 
2.2.3. Adsorption of Radionuclides 
In the nuclear industry , the use of active carbon is limited to 
gas phase applications. They are used in nuclear power plants 
to prevent the release of radioactive gases and vapours such 
as iodine, organic iodides ( mostly methyl iodide) , tritium, and 
noble gases such as krypton and xenon. They are also used to 
adsorb helium which is used as a protective gas in heavy 
water cooled and moderated reactors. They are also used in the 
protective masks to eliminate radon , a toxic gas associated 
with the mining of uranium. 
Yee et al.(16) , in their attempt to determine the technical 
feasibility of recycling purified water for reuse at nuclear 
installations , used activated carbon as a polisher and for the 
removal of ruthenium and cobalt from low active waste 
streams. Decontamination factors of 104 for Co-60 and 1Q3 for 
Ru-106 were obtained. 
Litman et a1.(17) used activated carbon to remove various 
radionuclides from the liquid waste from the University of 
Lowell (Ma.USA) reactor waste tank. Elements that were 
removed to the most significant extent were Cr-151 , Zn-65 , 
Fe-59 , Co-60 , W-181 and Cs-137. The activated carbon used 
was Filtrasorb 400 ( Vestvaco Corp.). In a further work (18), 
they investigated the effect of pH , specific ions , and chemical 
pretreatment of carbon on the removal of cobalt-60 from the 
aqueous systems. 
.... 
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Nair (19) have made a detailed study of the sorption of cesium 
and strontium in on modified commercial active carbons. The 
modified active carbons were prepared by heat treatment and 
nitric acid digestion. Commercial active carbons from Hopkin 
and Williams( H&W) , Sutcliffe Speakman and Pica were 
employed. The adsorption was performed from the buffered 
solutions of radionuclides. They observed that maximum 
adsorption takes place at 8.5 pH. Fig. 2.5 presents the 
adsorption of strontium on as-received H&W carbon. 
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The sorption capacity of Sr and Cs was enhanced with oxidation 
of active carbons and Fig.2.6 shows strontium sorption on heat 
treated samples. The sorption was attributed to the carboxylic 
and phenolic groups present on active carbon surfaces(20). 
Strelko et al.(21) studied adsorption of Cs-137, Ce-144, Sr-90 
and Ru-106 on three active carbons from different sources; 
produced from plymeric resin, shell and wood. All varieties 
showed high selectivity for these nuclides in neutral and 
alkaline solutions. The adsorption of Cs-137 was observed over 
a wide range of pH including acidic conditions with oxidized 
active carbons. 
Adsorption of Uranium 
The literature on the adsorption of uranium with active carbon 
is scarce. Some early studies have been reported in analytical 
chemistry where uranium is complexed with organic 
complexing agents and then complexed compounds are 
adsorbed on active carbons . Kuzin et al. (22-24) have studied 
adsorption of uranium on activated carbon from thiocyanate, 
acetate and perchloric acid solution. Sloot(25) adsorbed 
uranium on activated carbon from sea water and surface water 
by adding L -ascorbic acid . Uranium contents on activated 
carbon were determined by neutron activation analysis. 
Taskaev et al.(26) studied adsorption of uranium on activated 
carbon from dilute solutions. The solutions were made by 
dissolving uranyl acetate in distiled water and analysed by 
neutron activation. .A recent Polish publication by Jankowska 
et al.[27] investigates the adsorption of uranium from 
sulphuric acid solution using NH3 modified activated carbon. 
Goodrich (28) studied the adsorption of uranium from aqueous 
solutions which were prepared from different uranium salts. 
Maximum adsorption occurred at pH 3-4 and decreased at 
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lower pH. Fig.2. 7 shows the uranium adsorption isotherm on 
active carbon. 
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Lung-Tan(29) studied adsorption of uranium on inorganic 
adsorbents including activated carbon. The maximum 
adsorption on activated carbon took place at pH 4-5.5. 
Sea water contains uranium in very low concentration 
(3.3 xi0-3 mg/1). Since the volume of sea water is enormous, 
there exists about 4.6 x 1012 kg of uranium in sea water which 
is about 80 times the amount of uranium economically 
exploitable on land (30) . Adsorption is now believed to be the 
best candidate technique for uranium recovery from sea-water 
and modified active carbons loaded with specific inorganic ion 
exchangers (e.g Al(OH)3 , Ti02 ) have been under extensive 
investigation in Japan (31-37). 
The use of anatase titanium dioxide loaded activated carbon for 
the removal of uranium from nuclear aqueous waste has been 
described in ref(38). 
Recently Saleem et al. (47) studied the adsorption of uranium 
on activated charcoal (BDH) from buffer solutions of pH 4. 
Uranium adsorption obeyed the Langmuir isotherm. The values 
of distributions coefficients obtained for various metals 
suggested that uranium can be selectively separated from Cs, 
Zn, Ba and Co. 
2.2.3. Adsorption of Uranium and Plutonium 
on Bone Char 
Workers at the Mound laboratory of Monsanto Research 
Corporation, Miamisberg, Ohio, USA have investigated bone 
char to remove plutonium and uranium from aqueous effluent 
streams. These studies resulted in the installation and 
successful operation of a pilot plant for the removal of 
plutonium by bone char. Important features of the project are 
given here , more detail is reported elsewhere (39-44). 
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Bone char is an inorganic adsorbent conststmg of calcium 
hydroxyapatite [Caio(P04)6(0H)2]. and is normally prepared 
from the bones of cattle. 
Koenst and Herald (39) in their study have evaluated bone 
char, organic adsorbent and ion exchangers for the removal of 
plutonium and uranium from process waste treatment 
effluents. They compared batch sorption capacity and 
equilibrium distribution coefficients of Pu-238(1V), and Pu-
238(VI) , and U-233(VI). The adsorbents tested showed that 
the extent of removal and the equilibrium coefficient were a 
function of pH. For removal of polymeric plutonium, Pu-
238(1V) best results were obtained by bone char at pH 7. 
Excellent results for the removal of Pu-238(VI) were achieved 
using macroporous, strong base, anion exchange resin 
(Amberlite XE279) and a macroporous, strong acid, cation 
exchange resin ( XN1010). Kd values for the bone char were 
also reasonably good. For the removal of U-233(VI) , the 
strongly acidic cation exchangers (Amberlite 200, Dowex MSC1) 
gave better results than bone char. 
Silver et.al (40) have performed experiments to determine the 
pH dependence on the effectiveness of removal of uranium and 
plutonium from aqueous solutions by bone char . Buffering 
agents used were ammonia and acetate salts in order to keep 
tlte pH between 7 and 10 . 
The uranium used in these experiments was either U-233 or U-
234 and the plutonium used was 79.9% Pu-238. Isotherms 
generated for uranium at pH 7,8 and 10 with Freundlich fit are 
shown in Fig 2.8. The mechanism of uranium removal by the 
bone char is thought to be chemisorption and uranium existing 
as hydrolysed polymeric form. 
The isotherms were also constructed for plutonium (IV) at the 
pH values of 7 ,8 and 10 . The valence state of plutonium used 
in the experiments was either hexavalent or tetravalent. 
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The pilot scale bone char facility for plutonium removal had 
two columns , each column of 0.6 m diameter and 1.4m high 
and contained about 230kg of bone char. Each Column was 
designed to operate at flows up to 190 ml/min and at pressure 
drops as high as 345 kPa. The plant was put into operation in 
1977 (44). 
Edward(45) has done an interesting study on the sorption of 
uranium on human bones. In many studies , archeological bone 
has been observed to have higher uranium content than the 
surrounding soil and its amount increases with time. This has 
been used to measure the age of the bones. Edward 
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investigated whether the pick up of uranium in human bones 
is influenced by the organic materials of the bone. He found 
that organic material does not affect the sorption of uranium on 
bones and sorption probably takes place by ion exchange 
between uranium and inorganic material. 
2.3. Concludin2 Remarks 
The use of adsorbents for the removal of radionuclides has not 
been widely studied except for the use of bone char which has 
been used in a pilot scale facility at Mound laboratory for the 
removal of plutonium. (The other large scale use of active 
carbon is in the recovery of gold from mines .. ) 
A possible reason for this is that sorption of metals from 
aqueous solution with active carbons is a complex phenomenon. 
Sorption is determined by the chemical and porous properties 
of active carbon and by the metal ion chemistry in the solution. 
An example of the complex nature of sorption with active 
carbon can be illustrated with gold. Gold recovery with active 
carbon from cyanide liquor is in widespread use , but the 
mechanism is not yet fully understood. This may be explained 
by the lack of understanding of the surface properties of active 
carbon. Thus , it is difficult to establish the nature of the gold- . 
cyanide adsorbate until the surface functional groups on active 
carbon are known with certainty. 
There is now great concern about the presence of heavy metals 
in waste waters. Active carbon is already in use for water 
treatment processes for odour and colour control and there will 
be an added advantage if it is investigated for the removal of 
these metals. There is evidence that modification of active 
carbons helps to improve the sorption of heavy metals. This 
area has not yet been widely investigated and there is need to 
investigate this phenomenon together with surface 
characterization of active carbons. 
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Chromatography 
- Theory and 
Since the use of TBP-impregnated active carbon for uranium 
adsorption involves principles of extraction chromatography 
principles, this chapter describes the fundamentals of 
extraction chromatography and presents a review of the 
application of this technique to sorb uranium from nitric acid 
solutions. 
3.1. Theory of Extraction 
Chromato~:raphy 
This section deals with the basic aspects of extraction 
chromatography and will describe the principles of liquid 
extraction and liquid extraction chromatography , properties of 
extractant and supporting materials and methods of preparing 
supports loaded with extractants. 
Chapter 3 I 7 3 
3.1.1. Liquid Extraction Principle's 
Liquid extraction ( LX ) is the separation of a component or 
components of an aqueous solution by intimate contact with 
another insoluble organic solvent. If the component distributes 
itself between the organic and aqueous phase , then a certain 
degree of separation will result , and this can be enhanced by 
the use of multiple contacts. When both phases are in 
equilibrium , the distribution of the component is defined by a 
distribution coefficient Kd ; 
concentration of component in organic phase 
Kd=-------------------------------- (3 .1) 
concentration of component in aqueous phase 
The distribution coefficient depends on the nature of the 
solvent, the temperature and the equilibrium composition of 
the aqueous and organic phases , but is independent of the 
amount of either phase. 
A simple solvent extraction cycle to separate two or more 
components is shown in Fig.3.1. It consists of an extraction , 
scrubbing and stripping section ( the equivalent terms in 
column extraction 
and elution for 
chromatography are loading for extraction , 
stripping ) . The purpose of the scrubbing 
section is to remove all but the most extractable component 
from the organic phase leaving the extracting section. An 
aqueous solution washes the components not wanted in the 
organic phase back into the aqueous phase. Stripping is 
employed to recover the product from the organic phase into 
the aqueous phase. 
Product(aq) 
1 
Stripping 
solution(aq) 
Stripping 
section 
Residue(aq) 
Extracting 
section 
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Feed(aq) 
Scrubbing 
solution(aq) 
Scrubbing 
section ~ 
I Extract(org) I 0 . 1 rgamc Solvent(org) 1 
1 Scrubbing I 
L----------------------------~~ct(o~_J 
Fig.3.1. A typical solvent extraction cycle [ Benedict et al. (1) ] 
3.1.2. Extraction Chromatography principles 
The basic concept of extraction chromatography (LXC) consists 
of a combination of liquid-liquid extraction and column 
chromatography . It merges the wide applicability and 
favourable selectivity of liquid-liquid extraction with the 
multistage character of column chromatography. 
In an extraction chromatographic system , the two immiscible 
phases i.e an organic and aqueous phase , are contacted so 
that the organic phase (called the stationary phase or 
extractant ) is fixed on a suitable matrix material ( called the 
support ) over which is passed aqueous phase ( called the 
mobile phase ). The retention of a given solute from the 
aqueous phase by an extraction chromatographic column is 
dependent on the distribution between the stationary phase 
(extractant) present on the support and the aqueous phase 
containing it. The distribution of a component from the aqueous 
phase to the organic phase can also be achieved by mixing the 
solid phase containing extractant on a support material with 
aqueous phase in a batch. contactor. 
--------------
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The distribution of a component between the the organic phase 
and aqueous phase in extraction chromatography can be 
equilibrium described by an equilibrium distribution 
coefficient; 
Kct =-
concentration of component on 
solid phase(extractant+support) 
concentration of component in aqueous phase 
(3.2) 
In the literature, extraction chromatography has also been 
described as "reversed-phase partition chromatography" . This 
term was chosen at a time when partition chromatography was 
almost exclusively confined to a polar stationary phase and 
relatively non-polar mobile phase (called normal phase 
partition chromatography). Nowadays , an estimated 80-90% of 
chromatographic systems consist of a non-polar stationary 
phase and a polar mobile phase, yet the name reversed phase 
is still in use (2). It seems that the first attempts to invert the 
stationary-mobile phase system of the " normal " partition 
chromatography have been made by Boscott (3) and Weiss (4). 
Since the historical term " reversed phase extraction 
chromatography " is imprecise, we have chosen to use term 
"extraction chromatography" first proposed by Hulet (5) 
because it effectively indicates its close linkage to liquid-liquid 
extraction. 
The use of extraction chromatography offers a number of 
advantages over liquid-liquid extraction particularly for the 
separation of radionuclides as practised in the nuclear industry. 
l)It is a simple and effective way of achieving multistage 
separations whenever this is needed. 
2)In many applications, a column separation technique is 
preferred, since the equipment is simple and does not 
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necessarily involve moving parts. Replacement of equipment 
and execution of the separation can be done by remote 
handling , particularly in the nuclear industry, where these 
operations are normally performed in glove boxes or hot 
cells. 
3)The possibility of using a wide variety of extractants as the 
stationary phase tremendously enlarges the number of 
potential separations that can be achieved. In some cases, 
otherwise useful extractants form stable emulsions or a third 
phase when used in conventional liquid-liquid extraction , 
but these problems can be avoided if the extractant is used 
as supported stationary phase . 
4)When it is required to make efficient use of a small and 
limited amount of extractant to determine a maximum of 
partition data with minimum extractant loss , column 
extraction chromatography is the method of choice. This is 
particularly advantageous where expensive solvent is 
involved. 
5)The use of extraction chromatography significantly reduces 
the inventory of solvent in a system. 
6)The stationary phase parameters ( type , size of support 
particles) , type and concentration of extractants used and 
mobile phase parameters ( flow rate , concentration of 
partitioning substance, type and concentration of complexing 
or salting out reagents ) can also be independently adjusted 
within certain limits . Thus extraction chromatography offers 
considerable flexibility to optimizing a separation process. 
7)The extraction column can be reused many times by 
stripping off exhausted stationary phase and reloading with 
fresh extractant. 
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The disadvantages of extraction chromatography for~re 
extensive -industrial applications are the discontinuous 
operation, the relatively small capacity and low throughput in 
comparison to conventional liquid-liquid extraction systems 
and the depletion of extractant on the solid phase due to partial 
solubility loss. 
3 .1.3. State of Extractant (stationary phase) on 
Support Materials. 
The retention of a given solute on an extraction 
chromatography column depends on its distribution between 
the stationary phase loaded on the the support and the mobile 
aqueous phase. The retention ability of the stationary phase 
can be predicted from the liquid-liquid extraction behaviour of 
the extractant. In the great majority of cases, these qualitative 
estimates find agreement with the actual experimental data 
obtained. 
Attempts to make quantitative correlation between liquid 
extraction and extraction chromatography are complicated by 
the difficulty of assessing the actual physical state of the 
supported stationary phase. In order to determine the role of 
extractant in a quantitative way , it is necessary to assess the 
physical meaning of the terms " stationary phase loaded 
support ", "extractant impregnated support" , or "extractant 
fixed or coated support" . 
Siekierski (6) has discussed a chromatographic system , where 
the supporting material is assumed inert with respect to the 
liquid extractant supported on it . In such case , it is assumed 
that the stationary phase fills the pores and coats the support 
particles as a uniform film . The thermodynamic state of this 
film of extractant is discussed by Siekierski (6). He states that 
the activity of the stationary phase can be calculated on the 
basis of the change in chemical potential due to its presence in 
the capillary pores of the support material. This implies a 
.I 
,~ 
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significantly lower activity of the supported extractant when 
compared with an analogous unsupported organic phase. This 
scarcely effects the actual distribution coefficients of metal , 
because of the parallel effect of the support on the activity 
coefficients of the metal containing adduct. The conclusions 
drawn by Siekieski (6) for supports coated with a film of 
undiluted extractant can be extended to systems where the 
extractant is diluted by dissolution in an appropriate solvent. 
3.1.4. Extractants Used as Stationary Phase 
The extractants most commonly employed in extraction 
chromatography can be classified into three categories ; 
1-acidic extractants. 
2-neutral organophosphorus compounds. 
3-amines and quaternary ammonium salts. 
In addition to these , complex forming extractants e.g. oximes, 
have also been investigated. 
Acidic extractants exchange hydrogen ions with cationic 
solutes present in the aqueous solution . For example, acidic 
organophosphorus compounds , sulphonic acids and substituted 
phenols have found application in extraction chromatography. · 
The most extensively studied extractant of this class is di(2-
ethylhexyl )phosphoric acid.(HDEHP). 
High molecular weight organic amines and ammonium salts 
have been extensively studied in the hydrometallurgy of 
uranium and other metals. Some of the amines investigated in 
extraction chromatography include tri-n-octyl amine (TOA) and 
a commercial amine , Alamine-336. 
Detailed information on chromatographic separation with these 
acidic and basic 
by Green(7 ,8) 
liquid exchangers 
Clingman(9), 
can be found in the reviews 
Cerrai ( 1 0)., Braun and 
- -·------------------
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Ghersini(11) and Hogfeldt (12). We shall confine our attention 
to organophosphorus compounds of the same general type as 
tri-n-butyl phosphate ,TBP. 
Neutral Organophosphorus Extractants. 
Several organophosphorus extractants containing one or more 
phosphoryl groups ( P = 0 ) have been applied in extraction 
chromatography. Table 3.1 presents the general terminology 
of these compounds. 
The most extensively used extractants of this class in extraction 
chromatography are; 
tri-n-butyl phosphate, TBP 
tri-n-octyl phosphine oxide, TOPO (CsH17)3PO 
Recently bifunctional organophosphorus compounds have been 
investigated for actinide separations both in conventional and 
chromatographic extraction systems. Their applications will be 
reviewed in Section 3.3. 
Two potential extractants investigated are; 
octaph enyl-N ,N -diisobu tylcarbamoylmethylphosphine oxide 
(CAMPO) 
and dihexyl-N ,N -diethylcarbamoylmethylphosphonate 
(DHDECMP) 
(C6HI30)zPO-CHz-OC-N(CzHs)z 
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Table 3.1. Terminology of organophosphorous compounds 
[Schultz et a1.(13)] 
a) one phosphoryl group 
Phosphates (R0)3P=O 
Phosphonates (R0)2RP=O 
Phosphinates (RO)R2P=O 
Phosphine Oxides R3P=O 
b) Two phosphoryl groups 
(In the biphosphoryl group compounds the phosphoryl groups are 
usually separated by oxygen or methylene group/s) 
Pyrophosphate (R0)2PO-O-OP(OR)2 
Diphosphonates (R0)2PO-(CH2)n-OP(OR)2 
Diphosphine dioxide R2PO-(CH2)n-OPR2 
c) The second group may also be carbamoyl( -CO-NR2) or an 
amide group ( NRz) 
Carbamoylphosphonates (R0)2PO-(CH2)n-OCNRz 
Carbamoylphosphine oxides RzPO-(CHz)0 -0CNRz 
Phosphinamides R2PO-(CH2)n-NR2 
* R denotes for different alkyl groups. 
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TBP as Stationary Phase 
TBP has been the most successful extractant in the nuclear 
industry and its applications in the reprocessing of spent 
nuclear fuel (Purex process ) and in the production of nuclear 
fuel grade uranium are well documented (1,13). 
Various advantages of TBP-diluent mixtures in the context of 
nuclear fuel reprocessing have been reported (13). 
1- Good physical properties (density , viscosity , flash point etc) 
2- reasonable stability under reprocessing conditions. 
3- suitable extracting power 
4- no requirement at any stage for salting agent other then HN03 
5- good(though not perfect) decontamination from fission products. 
The physical properties of TBP are summarized in Table 3.2 
TBP is slightly soluble in aqueous solutions ( 0.4 g/1) ; solubility 
decreases as temperature is increased. In nitric acid solution, 
solubility decreases as the concentration of acid is increased 
reaching a minimum at 8M HN03. 
TBP has good chemical stability but it may partially decompose 
in the presence of acid to dibutyl and monobutyl phosphoric 
acids. Presence 
strongly affects 
of even trace amounts of these products 
extraction behaviour. 
TBP extracts solutes from an aqueous phase in the form of a 
neutral molecule and the extraction reaction is equivalent to 
the formation of compound with TBP in the organic phase. 
Thus, 
(M+z)aq + z(A·)aq + n(TBP)org = (MAz.nTBP)org (3.3) 
or 
(MAz)aq + n(TBP)org = (MAz.nTBP)org (3.4) 
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Table 3.2. Physical properties of TBP [Benedict et al.(1)] 
Chemical formula 
Molecular weight 
colour 
odour 
Density at 25 oc 
Viscosity at 25 oc 
at 85 °C 
Boiling pint at 1 bar 
Freezing point 
Flash point, Cleveland open cup 
Refractive index at 20 oc 
Solubility of TBP in Water 
Solubility of TBP in 3N HN03 at 25 oc 
Solubility of water in TBP 
Surface tension of TBP at 21 oc 
Surface Tension of 20%TBP/OK 
Interfacial tension of 
20%TBP/OK-2MHN03 
(a) Source (14) 
water white 
mildly sweet 
0.9724 
3.32 cP 
0.8 cP 
289 °C 
-80 °C 
145 °C 
1.4223 
0.4 g/litre 
0.286 
64 g/litre 
28.5 mN/m(a) 
26.3 
10.50 
I_ -------------------------------------------------------------------
I 
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Where MAz is the extracted compound into the TBP organic 
phase. The equilibrium constant Ke, for the reaction is given by 
the expression 
K _ [(MAz.nTBP)orgl 
e- [(M+z)aq][(A')aq][(TBP:forg] (3.5) 
Where " [ ] " represent the concentration of the respective 
species. By definition, the distribution coefficient , is the ratio 
of the concentration of M in the organic phase to the aqueous 
phase , 
(3.6) 
(3.7) 
Various workers have determined the distribution coefficients 
of metals in TBP. Ishimori et al.(15) has reported the 
distribution of various metal species in undiluted TBP from 
aqueous nitric acid solution. Table 3.3 summarizes the 
distribution coefficients obtained by Eschrich and Ochsenfeld 
(24) of various components with 100% TBP in nitric acid 
solution. 
Support Materials 
Numerous support materials are employed in extraction 
chromatography systems. They broadly fall into two categories, 
i.e., polymeric supports and non polymeric supports. 
Polymeric supports include different organic polymers e.g. 
polyethylene polytetrafluoroethylene (PTFE) 
polytrifluorochloroethylene ( PFCE ). Other polymeric supports 
which have recently been investigated are macroreticular 
adsorbents ( XAD-2 , XAD-7 , XAD-4 ) and Levextrel type 
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Table 3.3. Distribution Coefficients of various metal species in 
the system undiluted TBP-H20-HN03(24) 
Kd Aqueous Equilibrium HN03 Conc.[M] 
range 0.5 - 1.0 1.0 - 3.0 3.0- 6.0 6.0 - 8.0 8.0- 11.0 
Pu(IV), Pu(IV), Pu(IV),Zr, 
100 - 1000 U(VI) U(VI),Th, U(Vl),Th, 
Np(IV) Np(IV),Hf 
Pu(VI), 
Pu(IV),U(VI) Pu(IV),U(VI), U(IV), Np(VI), Np(VI), 
Np(VI),U(IV) Np(VI),Pu(VI), Np(VI), Pu(VI),U(IV), Pu(VI), 
10 - lOO U(IV),Np(IV), Np(JV), Th,Pa Zr,Hf U(IV) 
Pu(VI) Th,Pa 
Np((IV), Ru,Te, Hf, Zr, Sc,Lu,Y, Ti, Os, Nb, 
Hg(II), Th,Pa, Tl(III), TI(IJI),Sc, heavy R.E.•, Sc,Y, 
1 - 10 Ru,TI(JJI), Hg(IJ), Cu, Y Nb heavy R.E. 
Pd,Bi,Pt 
Light R.E., Light R.E., 
Sc,Ti,Y Zr,Ru,Sc,Y, Ru,Nb,Np(V) TI(III), V,Jn, Hg(II), 
Pu(lli),Hf, Hg(IJ),Bi Hg(ll),W La,W 
0.1 - 1.0 light R.E. 
all R.E Heavy R.E. 
heavy R.E., 
La,Zr,Nb, La, TI,Pd,As, Ti,Bi,Ru,Fe, Ru,bi,Mn,As 
Hf,Pu(JJI), Np(V),As,Nb, Ti,Po,Pt,Fe,V PoTI,V,Mo, Pd,TI,Mg,ca, 
Np(V),V, Hg, Mo, V, Ti,Ra,Ag, Mo,Ca,Ra,Mg, As,Pt,Mg,ln, Cr,Pt,Ag,Cd, 
Pb,As,Mo, Ca,Fe,Te,Al, Ag,Al,Mn,Sr, Mn,Ca,Ra,Al, Rb,Cs,Ra,K, 
<0.1 Ca,Ti, Fe(JII) Pb,Sr,Na,Mg, In,Te,Na,Ni, Cd,Ag, Ni,Te, Ca, Zn,Ni, Cr,Al,Cd,Sr, Cd,Mn,Cs,K,Cr, Rb,Cs,K,Pb, Rb,Sr,K,Cs,Na Na, Te, Pb, 
Cu,Mn,Jn,Cs, Ba,Cu,Rh,Co,ln, CoCu,Zn,Cr, Zn,Cr,Pb,Co , Co, Sr,Cu, 
K,Na,Rb,Ba, Zn,Ni,Sb Ba, Sb Cu,Ba Ba 
Mg,Zn,Ni,Sb 
*R.E = rare earths 
~~~~~-------
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resins, where the extractant is incorporated during the 
polymerization in polystyrene DVB matrix·. 
Non-polymeric supports comprise materials such as kieselguhrs 
(diatomites , diatomaceous earths ) , silica gels , glasses , 
cellulose and aluminas. These supports contain hydroxyl groups 
and are normally treated with organosilicon compounds to 
make them hydrophobic and capable of being wetted by 
organic solvents. 
The mechanism by which the extractant is held and the state 
of extractant on various support materials in not fully 
understood. 
Active Carbon as Support 
Although active carbon has received much acclaim for its 
ability to remove organics from aqueous solutions , it has not 
been extensively studied as a support for organic extractants 
(see Section 3.3 ). Adsorption of organophosphorus compounds 
on activated charcoals has been reported in a few publications 
(16,17 ,75) . Lerch(l7) made an interesting observation , whilst 
studying the use of active carbon for the remove tributyl 
phosphate and dibutylphosphate from high salt aqueous phase 
waste streams. He found that TBP is quite effective in 
"extracting" plutonium once it (TBP) had been adsorbed on the 
active carbon. This early work suggests the use of TBP 
supported active carbon for extraction chromatography of 
actinides. 
The use of active carbon offers several advantages as a support 
material in extraction chromatography ; 
1. Active carbons have a large surface area and rigid pore 
structure , which may result in a high capacity of extractant 
and subsequently of solute. 
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2. Active carbons are of interest because they are more stable 
in acidic conditions than silica based materials. Silica 
decomposes in aqueous solutions of pH < 2. 
3. Mechanical stability is comparable to organic polymers and 
they can be obtained in uniform particle size. 
4. Inorganic adsorbents gen~rally have greater radiation 
stability than polymeric resins (18) . The effect of gamma 
radiation on active carbons has been studied by Nair(19) 
and no change in physical properties and sorption capacity 
of active carbon was observed at gamma radiations doses of 
upto 1000 MRad . 
The disadvantage of active carbon as a support for extractant 
could be that impregnated active carbon may pick up solute by 
direct sorption in addition to the extraction mechanism. 
3.1.6. Imoregnation Methods 
Three basic procedures have been described to impregnate 
adsorbents with extractants. 
(i). The extractant, diluted with an inert diluent (usually a 
volatile solvent) is mixed with the support material for a 
certain period. The adsorbent is filtered and the diluent is 
then evaporated by one of the following means; 
(a) in a current of air or nitrogen 
(b) under vacuum 
(c) by applying heat 
(d) by centrifugation 
Most of the workers also have used undiluted extractant , 
filtered the adsorbent and dried the product. This procedure is 
most widely used and leaves an excess amount of extractant on 
- -· -- - --------------
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the support material. The extractant may be present in the 
pores and on the surface of the support. · 
(ii). In this procedure , the support material is contacted with 
extractant - diluent mixture as described in procedure(i). 
The excess amount of extractant is removed by washing 
the impregnated support with an appropriate liquid. 
Majority of workers have tried to wash the impregnated 
support with aqueous solutions. A few of them have used 
organic solvents. The impregnated support is dried by any 
of the methods described earlier in procedure(i). 
The subsequent washing of the impregnated support removes 
excess extractant from the adsorbent. This method may remove 
some of the extractant that is physically adsorbed on the 
support. There is usually less extractant present on 
impregnated supports compared with the previous procedure. 
(iii). In this procedure, the support is a packed into column and 
an appropriate amount of extractant is then introduced . 
The column is then conditioned with a suitable solution. In 
some cases a slurry of extractant and adsorbent is 
introduced into the column and the column is 
subsequently rinsed. 
The amount of loaded extractant (stationary phase) reported in 
the literature has mostly been determined by measuring the 
weight increase of the support after impregnation. This is given 
in gram or moles of stationary phase per gram of dry support 
material. In the case of prepacked column impregnation, it is 
expressed as ml of extractant introduced per unit weight of the 
support material in the bed. 
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3.2. Separation of Uranium by 
Chromato2raphic Systems 
Uranium separations by extraction chromatographic methods 
are reviewed in this section . Most of the investigations made 
on uranium or other actinide elements fall into one of the 
following separation categories: 
- separation of uranium (or/and plutonium ) from fission 
products 
- separation of uranium from plutonium 
- separation of uranium and plutonium from transplutonium 
elements 
- separation of uranium(or actinides) from lanthanides 
- inter-separation of actinide elements 
- separation of uranium from structural materials ( cladding 
materials ) 
Most of these separations have been performed in HCI , HN03 
and HzS04 solutions. Solvent extraction data have provided the 
basic guide-lines for the choice of an appropriate extractant 
and the other conditions to achieve the required separations. 
Four types of extractants have been generally employed for 
uranium extraction (22) ; 
a) ketones , ethers , alcohols 
e.g., methylisobutyl ketone (MIBK) , isopropylether , dibutyl 
carbitol. 
b) acidic organophosphorus compounds 
e.g., di-(2-ethylhexyl phosphoric acid) ( HDEHP) 
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c) neutral organic phosphorus compounds 
e.g., tri-n-butyl phosphate ,TBP, and tri-n-octyl phosphine 
oxide, TO PO) 
Recently bifunctional organophosphorus compounds, dihexyl-
N ,N-diethylcarbamoylmethylphosphonate (DHDECMP) and 
octylphenyl-N ,N -diisobutylcarbamoylmethyl phosphine 
oxide,CMPO ) have also been employed in extraction 
chromatographic separation of uranium and actinides. These 
extractants are reported to be highly selective for removing 
actinides and lanthanides elements from more concentrated 
nitric acid solution (20). 
d)Alkyl amines and quaternary ammonium salts ( e.g. tri-n-
octylamine(TONA) and other commercial amines.) 
A number of support materials have been employed which 
include kieselguhr ( diatomite) , silica gel , glass , cellulose , 
aluminium oxide (alumina) and organic polymers. Among the 
organic polymers most frequently used are Kel-F ( a polymer of 
trifluorochloroethlene ) Voltalef ( a polymer of 
tetrafluoroethylene ) SDVB (styrene divinyl benzene 
copolymer) and microethene( microporous polyethylene). 
Macroporous adsorbents of Amberlite XAD-type have also been 
investigated. In addition to these , TBP-incorporated resins 
(Levextrel-type ) have also been employed. 
Active carbon as a support material in extraction 
chromatography has not been extensively investigated. Only a 
few publications have reported on its use in recovering 
uranium from ores ( see Section 3.3.3.). 
-----
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3.3. Extraction Chromato~:raphy of 
Uranium -A Review 
A large number of authors have reported uranium or actinide 
separations since the first publication of Hamlin and Roberts 
(25) on the separation of uranium by extraction 
chromatography ( reversed-phase liquid chromatography ). 
Most of the reported work was performed for analytical 
purposes and pilot-plant or process scale applications are very 
limited. 
Literature on 
chromatography 
been performed. 
adsorption of uranium by extraction 
is quite diverse. Numerous separations have 
with different kinds of extractant and support 
materials . In this review , while describing laboratory scale or 
analytical separations we have restricted the emphasis 
primarily to the use of TBP as an extractant and uranium (plus 
other actinides) as adsorbing specie. Pilot-plant or large scale 
applications or the investigations which were intended for 
scale-up, are dealt with in more detail. 
Muller(21) has presented a review of the analytical separation 
of actinides and Specht (22) of uranium with extraction 
chromatographic systems. Warshawsky(23) has reviewed the 
applications of solvent impregnated resins in hydrometallurgy, 
water treatment and nuclear industry and Eschrich et al. (24) 
has surveyed their use in nuclear fuel reprocessing. 
3.3.1. Laboratory Scale Studies 
Hamlin and Roberts (25) , first reported uranium separation by 
reversed phase-partition chromatography in Nature. More on 
their work appeared later (26). Uranium was separated from a 
solution containing various impurities( such as AI, Fe, Mo etc. ) 
by a column of Kel-F supporting tri-n-butyl phosphate. The 
column was prepared by adding 1.5 ml of purified TBP to 1.5 g 
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of Kel-F powder , mixed and loaded into a chromatographic 
column as· a slurry in 5.5M nitric acid . Sample solution 
containing up to 50 mg of U(VI) in 5.5M HN03 was passed 
through the column at a rate 1 to 2 m! per minute. The column 
was then washed with 5.5M HN03 and later eluted with water . 
They also investigated the separation of uranium and 
plutonium from HCI solutions on TBP/Kel-F column and from 
sulphuric acid solutions on trioctylamine/Kel-F column. 
Hayes and Hamlin(27) applied the same chromatograhic 
column as in (26) to determine uranium in complex alloys. The 
influence of the HN03 and HCl concentration on the uranium 
extraction was studied in detail. The optimum concentration of 
nitric acid for extraction of uranium was found to be 5.5 M 
HN03. The maximum extraction of uranium from HCl solutions 
occurs between 3.3 and 6 M. They successfully separated 
uranium from uranium-zircoloy, and uranium-titanium alloys. 
Small(28) demonstrated the separation of U(VI) , Th(VI) and 
others metal ions in a chromatographic column using solvent 
swollen polymers (gel liquid extraction ,GLX) . Solvent 
swellable copolymers were prepared by the suspension 
polymerization of styrene with divinyl benzene (SDVB) and the 
subsequent treatment of the SDVB with hot concentrated 
sulphuric acid in order to prevent the tendency to agglomerate 
after swelling. The gels were prepared by swelling surface 
modified copolymer in a mixture of TBP and 
perchloroeth y lene(PCE). 
The column was conditioned with an aqueous solution of 2N 
sodium nitrate and O.IN nitric acid before the uranyl nitrate 
solution in 2N sodium nitrate and O.lN nitric acid was passed 
at a flow rate of 2 ml/min. The breakthrough curve was 
constructed by analysing the effluent fractions. Uranium was 
then quantitatively eluted . with water. The equilibrium 
capacity of a typical TBP gel is reported to be 52 mg U/g. 
!_. ________________________ _ 
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Heunisch (29) examined the separation of uranium from 
phosphoric acid with reversed-phase extraction 
chromatography. The column was packed with silica gel 
impregnated with TBP from a TBP-heptane mixture. Sample 
aliquots containing U30 s in saturated aluminium nitrate 
solution were introduced to the column. Phosphate was eluted 
by saturated aluminium nitrate solution before eluting 
uranium with water. The aluminium nitrate solution and water 
were saturated with extractant. 
Fritz et al.(30) have studied uranium separation from aqueous 
perchlorate media with using dioctyl sulphoxide (DOSO). The 
column was prepared by filling it with XAD-2 slurry in 
methanol . Then 0.5M DOSO in 1,2 dichloroethane was passed 
slowly through the column and sorbed by XAD-2. The 
interstitial DOSO solution was then displaced by aqueous 0.9 M 
lithium perchlorate - 0.1 M perchloric acid. Uranium was 
separated from thorium , zirconium and rare earths with the 
impregnated XAD-2 column. 
Huff (31) developed an analytical method for the analysis of 
trace impurities in high purity Th-U and Pu-Th-U alloys. Two 
phase chromatographic columns , containing a strong base 
anion exchange resin (Dowex IX8) and TBP coated Kei-F 
polymer , effectively retained the matrix components and . 
allowed the trace impurities to be eluted with 8N nitric acid. 
Wenzel · et al. (32) have studied the analysis of actinides 
nuclides by alpha-spectrometry in highly radioactivite process 
solution resulting from the processing of spent U-Th fuel. The 
separation scheme involved isolation of actinides from fission 
products by extraction chromatographic method with a TBP 
stationary phase on a Voltalef UF column. Later uranium was 
separation from other actinides ( Th , Np and Pu ) was done 
with a TBP impregnated Voltalef UF column 
Chapter 3 I 9 3 
Tamura et al. (33) investigated the extraction chromatographic 
separation of uranium from fission products using undiluted 
TBP sorbed on Chromosorb W ( a commercial diatomaceous 
earth ) as a the stationary phase. and nitric acid as the mobile 
phase. Most of the fission products passed through the column 
whilst uranium was retained quantitatively and recovered by 
elution with water. 
Herman and Huebener et al. (34,35) compared different 
chromatographic support materials for the separation of 
uranium from other constituents of irradiated uranium fuel 
solutions using TBP as an extractant. Supports investigated 
were, polytetrafluoroethylene, polytrifluorochloroethylene and 
Hyflo-Super-Cel , and sintered polyvinyl chloride. The results 
indicated that fluoro compounds are the most suitable for this 
separation. An extraction chromatographic method was also 
developed to separate plutonium and uranium from irradiated 
nuclear fuel solutions. TBP impregnated on 
polytetrafluoroethylene was used as the stationary phase and 
nitric acid of various concentrations as the mobile phase . 
Kimura (36) investigated the extraction chromatographic 
behaviour of U(Vl) and Th(lV) by performing batch 
distribution and infrared studies. The stationary phase was 
undiluted TBP supported on XAD-4. TBP loaded XAD-4 resin 
was prepared by shaking an appropriate amount of TBP and 
XAD-4 with water overnight and washing off the excess with 
20%CH30H. 
Batch equilibrium studies with TBP/XAD-4 were performed to 
determine the equilibration time. The influence of the amount 
of extractant , hydrogen ion and nitrate ion concentration on 
the distribution of U(VI) and Th(IV) on TBP/XAD-4 were 
studied. 
Infrared studies with Th(IV) were made both in the solvent 
extraction and extraction chromatography systems The 
- - -·---· ---------------------
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infrared spectra were obtained for the samples of ·TBP, nitric 
acid-TBP, and thorium nitrate-TBP in both extraction systems. 
The solvent extraction samples were prepared by equilibrating 
undiluted TBP with a solution of metals in 3N HN03 and nitric 
acid alone. After centrifugation , organic phase was analysed. 
The samples from extraction chromatography were prepared 
by pelletizing equilibrated TBP/XAD-4 resin in KBr. 
The results of the chromatographic extraction of Th(IV) and 
U(Vl) from HN03 solution with TBP/XAD-4 indicated that the 
sorbed species were, Th(N03)4.ZTBP and UOz(N03)z.2TBP. This 
is in agreement with conventional extraction. The infrared 
spectra studies lead Kimura to conclude that the XAD-4 support 
acts as inert diluent and the P=O bond in the TBP/XAD-4 resin 
was in the same state as that of free TBP. 
Kimura (37) extended his investigation with TBP/XAD-4 
resins to study the separation of uranium, neptunium ,and 
plutonium from americium and fission products . The capacity 
of XAD-4 resins for uranium was determined by both batch 
and column experiments. With a feed uranium concentration of 
O.lM , the batch capacity was about 150 mg U/g resin and 
breakthrough capacity at 10% of feed concentration was 90 
mg/g. 
Pietrelli et al.(38) have studied the removal of europium(III) 
and actinides ( Th(IV), U(Vl) and Pu(IV) ) from nitric acid 
solutions by silica impregnated with octyl(phenyl)-N,N-
diisobutyl carbamoylmethyl phosphine oxide, CMPO. Different 
supports were investigated. Equilibrium experiments were 
performed to determine distribution coefficients, kinetics and 
adsorption isotherms for each species. 
Eschrich and eo-workers have carried out a number of studies 
over several years to investigate the full potential of 
chromatographic methods (24,39-46). One of the main 
purposes of their investigations has been the development of 
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the effective one-cycle chromatographic extraction process for 
nuclear fuel reprocessing. Other objectives were to investigate 
the applicability of chromatographic methods to ; (i) the final 
purification of uranium , neptunium and plutonium product 
solutions to meet nuclear grade specifications ; (ii) the 
recovery of actinides and fission products from waste solutions; 
(iii) the identification and determination of the chemical state 
of uranium , neptunium , plutonium , and ruthenium in 
reprocessing solutions ; (iv) the separation of uranium isotopes; 
and (v) the analysis of uranium solutions and final products. A 
brief review of their previous studies is given here and more 
detail of their pilot scale work will be given in Section 3.3.2. 
Eschrich (39,40) in early work developed a procedure for the 
separation of uranium , neptunium , plutonium and americium 
in aqueous nitric acid solutions. He used a TBP stationary 
phase supported on diatomaceous silica support was used. 
Ooyen and Eschrich (41) investigated the use of extraction 
chromatography in order to develop a one cycle Purex process 
for the recovery of plutonium and uranium from irradiated 
uranium fuel solutions. The stationary phase was TBP , 
supported on kieselguhr ( Hyflo Super-Cel or Celite 535 ). The 
feed solution (irradiated uranium fuel dissolved in 6 M HN03) 
was passed through the TBP column. Fig.3.2 shows the elution 
of fission products , plutonium and uranium using different 
eluents. A decontamination factor of 103-1 04 for the 
plutonium product and greater than 5 X 104 for the uranium 
product was obtained. 
Eschrich and Hundere( 42) developed a procedure to separate 
metal impurities from plutonium to facilitate analysis of high 
purity plutonium materials and the analysis of process 
solutions occuring in the final purification cycles of nuclear fuel 
reprocessin .Plutonium was quantitatively converted to the 
tetra valent state in 5-7 M HN03 solution by hydrogen peroxide 
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Fig.3.2. Elution behaviour of uranium, plutonium and fission 
products in a chromatographic "Purex Process" 
[Ooyen et a1.(41)] 
and separated from impurities by means of a chromatographic 
extraction column employing TBP supported on 
polytrifluoromonochloro ethylene (PTFE). Nitric acid of various 
concentrations was used as the mobile phase. 
A similar extraction chromatographic column as in (42) , was 
also used in the simultaneous separation of neptunium and 
plutonium as well as the separation of transplutonium 
elements from uranium(43). 
Eschrich et al.( 44-46) have also studied the distribution of 
U(VI), U(IV) and HN03 between aqueous nitric acid and 
undiluted TBP phases in conventional batch solvent extraction 
systems. 
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Eschrich (46) performed the separation of Pu(III) , U(VI) and 
U(IV) using undiluted TBP sorbed on (PTFE) as stationary 
phase and 0.7-5 M nitric acid /O.IM hydrazine as mobile phase 
( eluting agent). Their most recent work(24) with Levextrel-
TBP resins will be presented in the next section. 
Recently Horwitz and eo-workers (86,87) at Argonne National 
Laboratory have prepared extraction chromatographic 
materials for the determination of actinides. ' strontium, and 
technitium in environmental , bioassay and nuclear waste 
samples. Amberlite XAD-7 has been used as a support and 
various specific· extractants are employed as stationary phases. 
e.g. diamy amylphosphonate used for separation of U(VI) and 
actinides(IV). 
In addition to polymeric resins , polyurethane foams have also 
been employed as a support for organic extractants. Gesser 
et.al. (47) have used polyurethane foam coated with long chain 
tertiary amines (Adogen) to separate uranium from sulphuric 
acid solutions. They carried out batch equilibrium experiments 
to see the effect of the nature of the acid , pH , and sulphate 
concentration on uranium extraction. 
3.3.2. Pilot Scale Studies 
Use of Levextrel Type Resins in Nuclear Industry 
Levextrel( Leverkusen-Extract-Elution ) is the commercial 
name of a family of resins developed by Bayer AG,Leverkusen 
for extraction chromatographic separations. These resins are 
produced by incorporating an "extractant" during the 
polymerization process of the resin matrix (polystyrene/ 
divinybenzene) (48). The Levextrel resins incorporating 
TBP(undiluted) are commercially called Lewatit OC 1023(49). 
Resins incorporating other extractants such as di-2-ethyhexyl 
phosphoric acid (Lewatit OC1026 ) have also been reported 
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(50). The main characteristics of Levextrel-TBP ( Lewatit 
OC1023) are reported by Kroebel et a1.(48) and Eschrich et 
a1.(24). 
Kroebel and Meyer(48) first described the use of Levextrei-TBP 
resin in pilot-plant test work on the refining of uranyl nitrate. 
The pilot installation consisted of three 70 litre columns with 
370-380 ml bed volume. The feed had a uranium concentration 
of 40-300 g/1 in 1 to 4 M HN03 and was passed with a flow 
rate of 1-3 bed volumes per hour. The uranium was stripped 
with hot water at 60 oc and 99.9% recovery of uranium was 
obtained from the first column. Fig 3.3 shows equilibrium 
isotherms of uranium on Levextrel from nitric acid solution. 
The extraction data showed more favourable distribution 
curves for extraction from nitric acid than water. They also did 
a brief study of the long term behaviour of a Levextrel column 
with respect to the loss of solvent , build-up of degradation 
products and radiation stability. The solvent loss of upto 0.2 g/1 
of water has been reported. 
Ochsenfeld et.al. (51) have studied the separation of uranium, 
plutonium, americium, zirconium and ruthenium from spent 
nuclear fuels with the TBP/Levextrel/nitric acid system. In 3N 
HN03, plutonium and uranium can be separated from Zr/Nb-95 
and Ru/Rh-106 with a separation factor of about 100. Since · 
Pu(III) has a distribution coefficient which is 100 times lower 
than Pu(VI), TBP-Levextrel resins can be used to separate 
U(VI) from Pu(III) , or Pu(IV) from Am(III). Their work has 
shown that a separation factor of 245 can be achieved between 
those two elements. 
They observed that TBP in Levextrel form is about five times 
more efficient than in a dodecane diluent. The radiation losses 
are low (0.4 g TBP per litre) and the degradation product, 
dibutylphosphoric acid , is removed with dilute nitric acid. 
~-------------------------~on LEVElCTREI. 3 M H 3 
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Fig 3.3 Distribution equilibria of uranyl nitrate between 
Levextre-TBP and aqueous phases(HN03) 
[Kroebel et al.(48) 
Eschrich and Ochsenfeld (24) have studied the industrial scale 
application of extraction chromatographic separations in the 
processing of nuclear fuel in Germany . They called these 
processes " Chromex Processes". Two specific processes were 
described : Purochromex ( Plutonium-llranium recovery Q.n 
chromatographic atraction column) and Eurochromex 
(]inriched .llranium reprocessing Q.n chromatographic gtraction 
columns ) . Most of their investigations were carried out with 
columns containing Levextrel-TBP ( commercial name Lewatit 
OC1023) and macroporous spheres of a copolymer (produced 
by Bayer AG) coated by them with TBP. The main 
characteristics of these TBP impregnated adsorbents are given 
in (24). 
-- -- -----------------
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The Purochromex process is primarily for the recovery of 
uranium and plutonium, either individually or as a mixture 
(e.g. , for the fabrication of mixed oxide fuels ), from solutions 
of irradiated reactor fuels or waste materials, and it essentially 
models the Purex solvent extraction process (1). They have 
described the application of this process specifically to the 
recovery of uranium and plutonium from light-water reactor 
fuel (LWR) (52) but it can also be applied to other low-enriched 
fuels and to a wide variety of waste streams. The process steps 
for the recovery of uranium and plutonium include dissolution 
of the irradiated fuel, adjustment of the feed solution, 
chromatographic separation on columns having a TBP-
stationary phase., washing of the columns and elution to 
recover uranium and plutonium . Detail of the chromatographic 
separation scheme can be found in (24) . 
Eschrich and Ochsenfeld(24) have tested this process with real 
fuel reprocessing feed solutions on a laboratory scale. The 
process has also been cold tested on a pilot scale using various 
Levextrel-TBP with natural uranium and inactive fission 
products. Full active pilot-plant scale demonstration tests were 
planned. 
The Eurochromex process has been primarily designed for the 
processing of irradiated fuels from research reactors to recover 
the relatively highly enriched uranium in nuclear grade purity. 
The Eurochemic process involves basically the same separation 
principles and equipment as for the Purochromex process. The 
detail of their study on uranium/aluminium and 
uranium/zirconium alloy fuels is presented in (24). The three 
Eurochromex process flowsheets have been cold tested on an 
industrial scale and hot tested on laboratory scale. 
Their work also involved the final purification of plutonium 
solutions originating from fuel reprocessing streams , fuel 
fabrication scraps and other materials. These investigations 
have shown that extraction chromatographic separations are 
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well-suited to perform difficult radiochemical separations on 
an industrial scale. The Purochromex and Eurochromex 
processes are extremely versatile and offer a promising one-
cycle reprocessing operation which can be successfully applied 
under highly active and remotely controlled conditions. 
Jarvis (53) studied the small scale recovery and separation of 
the actinides, U, Np, Pu and Am using the Lewatit OC1023. A 
separation scheme for all four actinides achieved complete 
separation of Np from U and Am from Pu and U. Good 
separation of U, Np and Pu was achieved. 
Glatz et al. (54) investigated Lewatit OC1023 to separate fission 
products and transplutonium elements from uranium 
plutonium and from HN03 . 
Cloete and Britz (55) investigated the use of TBP adsorbed 
hydrocarbons beads ( OC1023 ) for the recovery of uranium 
from the solution arising from the nitric acid leaching of scraps 
from fuel fabrication. They obtained equilibrium and kinetic 
data which enabled them to design a process for uranium 
recovery. They found that TBP adsorbed on Levextrel 
hydrocarbon beads behaved chemically just as if the TBP had 
been dissolved in an hydrocarbon diluent 
Britz and Cloete(56) have studied the extraction of uranium 
with Levextrel QC 1023 from solutions of nitric acid and 
aluminium nitrate with total nitrate concentration of 5.5 M. The 
distribution coefficients increased with the concentration of 
aluminium nitrate. Rate of uranium adsorption was studied to 
determine the rate determining process and appropriate 
equations were derived to describe the kinetics of the process. 
Use of Other Impregnated Resins 
Bourges et al. (57) have described an extraction 
chromatographic process for the production of transplutonium 
------
- -- -- --- ------------- -
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elements from the Pu/Al alloy targets irradiated in the 
Celestin reactors at Marcoule, France . These targets contain 
44 g of Pu-242 , 8.5 g of Am-243 , 7.5 g of Cm-244 and about 
340 g of fission products including 240 g of lanthanides 
mainly La, Ce and Nd. 
Pu can be easily extracted with tertiary ammonium nitrate 
from the solution obtained after dissolution of targets in HN03 . 
The separation of transplutonium elements from the 
lanthanides was investigated by two chromatographic systems 
adapted from equivalent solvent extraction processes: The 
Talspeak Process(58) and the process developed at CEN-
FAR(59). The stationary phases involved in these separation 
methods were HDEHP and TBP supported on GAS CHROM Q 
(supplied by Applied Science Lab.). 
Their preliminary investigations with these methods on 
experimental targets led them to select a TBP process and 
apply this to the industrial targets. The detailed procedure for 
the treatment of the solution obtained after dissolution is given 
in (57) but it involved three successive phases : a) separation 
of plutonium and transplutonium from most of the light 
lanthanides , high activity ~.y; b) decontamination of 
transplutonium elements from lanthanides and the first stage 
of Am/Cm separations , medium activity ~.y ; c) final Am/Cm 
separations and purifications of Am-243 and Cm-244 
produced, low activity ~. y . 
The final purification of Am-243 from trivalent elements , 
mainly Cd, Y and traces of curium, is achieved by oxidizing it 
to Am(VI) and then extracting on a chromatographic column 
having HD(DiBM)P as stationary phase. The application of the 
extractant bis(2,6-dimethyl, 4-heptyl) phosphoric acid 
[HD(diBM)P] is based on the the solvent extraction process 
described by Mason et al. (60) for the separation of 
Am(VI)/Cm(III). 
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Madic et al.(61) have made a pilot-plant scale investigation of 
the applicaiion of extraction chromatography to eliminate alpha 
emitting nuclides from nuclear fuel reprocessing wastes. The 
objectives of their process were (i) to produce an effluent 
which is free of a emitters and (ii) to recover valuable 
elements such as neptunium, plutonium, and americium. 
Three chromatographic columns impregnated with three 
different extractants on silanized silica gel were employed in 
the process . These were, di-n-hexyl-octoxy-methyl-phosphine 
oxide (POX II) , tri-n-butyl phosphate (TBP) and bis 2-6 
dimethyl-4-heptyl-phosphoric acid.[HD(DiBM)P]. The extent of 
impregnation was 30% with POX , 27% with TBP , and 30% with 
HD(DiBM)P. 
The process has been applied to the an actual liquid waste 
called "Masurca". This waste , 4 m3 in volume consisted of 
about 400 g of americium , 200 g of plutonium and 600 g of 
neptunium in a matrix consisting of uranium , cadmium and 
iron. The first step in their separation scheme , is the extraction 
of uranium from the Masura waste with 30% TBP in dodecane 
by liquid-liquid extraction. Uranium is recovered from the 
organic phase and the raffinate is sent to second cycle. The 
raffinate consists of americium, neptunium, plutonium , the 
inactive matrix and the fission products 
In the second step (Fig 3.4) , americium , neptunium and 
plutonium are recovered from the raffinate in an extraction 
chromatographic column POX II(30%). This step was carried out 
by two methods .In the first method, iron was coextracted with 
americium which resulted in lowering of the americium 
capacity of the column and iron impurity in the eluate. In the 
second method iron was complexed with EDT A , which is not 
extractable by POX II. In the first method , the solution from 
first cycle was treated with lithium nitrate to increase the 
salting out effect and the acidity was adjusted with aluminium 
nitrate. 
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Three selective elutions were carried out . The amencmm was 
eluted by a 6 M nitric acid solution (96% yield). The use of a 
solution strongly loaded with sulphates , lM H2S04, 3.5 
(NH4)2S04, and O.lM HN03 allowed the recovery of neptunium 
and plutonium , whereas traces of uranium which were fixed 
on the column are eluted by 0.4M (NH4hC204. Neptunium and 
plutonium were concentrated by precipitation as hydroxides, 
calcined and stored as oxides. 
The americium obtained from the POX II cycle contained 
impurities such as cadmium • traces of iron and lanthanides 
and was subjected to a two stage purification cycle. In the first 
stage cadmium and iron were eliminated by extraction 
chromatography with TBP. The second stage involves the 
separation of americium as Am(VI) from lanthanides by 
extraction chromatography with HD(DiBM)P (Fig.3.5). The 
method used is the same as described by Bourges , Madic and 
Koehly (57) for the separation of Am-243/Cm-244 by 
extraction chromatography, which is an adaptation of the 
solvent extraction method developed by Mason et al. (60). The 
flowsheets of their separation step two and three are given 
in.Fig 3.4 and 3.5. 
Wenzel et al.(62) have investigated the removal of Np and Pu -
from the spent U-Th mixed oxide fuels. These elements are 
present in trace quantity and their separation from spent fuel 
solutions was mainly to purify the end streams. Solvent 
impregnated resin of Levextrel-type was used with 
incorporated extractant Alamine 336 ( containing 95% trioctyl 
amine, TOA ). 
Alford, Martella and Navratil investigated the application of 
extraction chromatography to separate uranium and plutonium 
from Pu-U residues at the Rocky Flats Plant . Navratil et al.(63) 
studied the development of a modified Purex process to 
separate uranium from Pu-U mixed residues. 
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Alford et al (64) have shown that Amberlite XAD-4 exhibits 
favourable TBP retention as well as reasonable TBP capacity 
(0.26 g TBP/ml XAD-4 ). Uranium from synthetic feed solutions 
containing plutonium and uranium was effectively separated 
with TBP impregnated XAD-4 resins. 
Martella and Navratil (65) have presented results of the tests 
which were carried out to determine uranium recovery from 
Pu-U residues generated at Rocky Flats . Uranium was 
selectively separated from a 5N HN03 solution containing U(VI) 
and Pu(III) using a column containing TBP-impregnated XAD-
4 adsorbent. During the eight demonstration runs , the average 
uranium processed was 69 mg U/ml resin. The retention of 
plutonium from the mixed uranium - plutonium solution was 
less than 0.06 g Pull, which met the uranium purity 
requirements of < 0.5 wt% plutonium. In another study 
Navratil (66) has shown that a back-up column containing 
XAD-4 resin ( without TBP) can be used to sorb TBP washed 
from the TBP-XAD-4 resin during processing. 
Alford and Navratil (67) have compared the results of 
plutonium-uranium separations obtained using TBP-
impregnated XAD-4 and TBP-Levextrel type(Lewatit OC1023) 
resins. Both adsorbents were found effective in separating U-
Pu feed. The TBP impregnated XAD-4 has the advantage of 
lower cost. 
Faubel et a! (68-70). have used sorption and extraction 
chromatography to decontaminate concentrated nitric acid 
intermediate level waste (ILWC) produced in a German 
reprocessing pilot plant ( Wiederaufar beitungsanlage 
Karlsruhe) . The decontamination was performed on one litre 
batches according to the flow sheet shown in Fig.3.5 . The 
IL WC was first purified by filtration through glass wool 
followed by the adsorption of organic species on Bio Beads SM7 
( Bio Rad Laboratories). The effluent passed through a 
suspended-bed column filled with ammonium 
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molybdophosphate(AMP-1) to separate Cs-134 and Cs-137. 
The effluent then passed into the next two columns which 
contained magnesium dioxide (Mn02) and antimony 
pentoxide(Sb20s) respectively and Sb-125 was retained. In 
the following column, Am-241, Eu-154, Eu-155 and Ce-144 
were removed by extraction chromatography using SM-7 
polymer beads saturated with CMPO(n-Octyl(phenyl)N,N-
diisobutyl carbamoylmethyl-phosphine oxide , C24H42N02P). In 
the last column a DMG(dimethyl glyoxime ) loaded active 
carbon column was used to remove Ru-106 and Co-60 from 
the waste. 
ILWC LLW 
Fig.3.6. Flow sheet for the sorption decontamination of ILWC 
[Faubel et al.(70)] 
--· -- --- -----------------
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Takeshita et al.(71) have studied the removal of Ce(III) from 
radioactive wastes using an DHDECMP (dihexyl-N,N-
diethylcarbamoylmethy-phosphate) impregnated macroporous 
styrene divenylbenzene polymer. They determined the 
distribution ratios of cerium on DHDECMP impregnated resins 
and studied the extraction rates. 
3.3.3. Uranium Recovery from Leach Solutions. 
A process employing char ( char-in-pulp) is used to recover 
gold from the leach slurries and several workers have 
investigated the adaptation of this kind of process to the 
recovery of uranium from the slurries. This process eliminates 
the massive filtration operation of uranium leach liquor. Some 
active carbon varieties also fulfil the high density requirement 
of the adsorbents. 
The earlier studies with simple charcoals did not show 
satisfactory uranium adsorption from sulphuric acid leach 
solutions and led the researchers to investigate charcoals which 
have been impregnated with specific uranium complexing 
agents (75). 
McClain, Noble Byler and other workers of Western 
Laboratories, San Francisco have investigated the use of 
supported reagents ( or modifier ) on char surface to sorb 
uranium. They called this substance "modifier". The 
organophosphorus compounds which were known to form 
stable chelates with uranium under solution conditions were 
investigated. The findings of their investigations have been 
described in series of publications (72-75). All the 
organophosphorus compounds examined in their study showed 
promise and they investigated dioctyl pyrophosphoric 
acid(OPPA) in more detail due to its availability. A comparison 
of several chars indicated that steam activated peach pit char 
offered the advantage of high surface area and abrasion 
resistance .The modified char was prepared by contacting char 
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with either an ethanol solution of the modifier or with a water 
emulsion of- the modifier. The water emulsion of the modifier 
was used most frequently. The mixture was agitated for 12 to 
24 hrs. The char was screened, washed well with water and 
dried at 50-60 oc. 
Uranium adsorption from sulphate solutions of pH 1 on OPPA 
impregnated chars is presented in Fig.3.7. A comparison of 
untreated char with OPPA-char showed a ten fold 
improvement in uranium adsorption by the OPPA-char. 
Unactivated char was found to be ineffective. 
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Fig.3.7. Adsorption of uranium on two char varieties modified 
with 10% di-2-ethylhexyl pyrophosphate from solution 
containing 100 g S04/l at pH 1 [Maclain et al.(75)l 
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Several other variables such as pH, sulphate concentration and 
interference of other ions were also studied. An increase · in 
the sulphate concentration decreased the uranium adsorption. 
The desorption of uranium from OPPA-char was studied with 
various reagents , sodium carbonate, sulphuric acid and 
phosphoric acid. The life of the modified char was also 
investigated. The loss of OPP A ester was observed over several 
hundred hours of acid contact and 80 adsorption cycles 
averaged less than 0.1% per hour of acid contact. The modifier 
loss was due to the slow hydrolysis of the organophosphorus 
ester (75). They were of the opinion, that the procedure they 
described for OPPA-char could provides a general method for 
producing modified chars for various metal ions. 
Akerman et al. (76) have studied the sorption of uranium with 
active carbon and silica gel impregnated with amines. 
Impregnation of active carbon in the best case the sorption of 
uranium 1.5 times that of the plain active carbon. 
In 1967, Goren(77) patented the preparation and use of 
impregnated adsorbents for the recovery of metals from 
aqueous solution He illustrated this invention with specific 
reference to the recovery of uranium and molybedenum from 
aqueous leach liquor. He suggested several potential support · 
materials ( e.g elemental sulphur, organic polymers, clays, 
activated charcoals ) in his patent and organic extractants ( e.g. 
organophosphorus compounds, organic amines ) . 
The uranium and molybdenum recovery was illustrateed 
from lignite leach liquor with amine impregnated active 
carbon. The adsorbent was prepared by stirring activated 
carbon in a solution of Alamine336 ( a tri-n-alkyl amine 
having 8 to 10 carbon atoms in the alkyl group) in isopropyl 
alcohol for 22 hrs. The excess liquid was then filtered off and 
amine loaded adsorbent dried at 65 °C. 
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Warshawsky (78) has studied the adsorption of uranium and 
copper on macroreticular resins impregnated with commercial 
amines. He determined the adsorption capacities of metals 
under different conditions and briefly studied the elution and 
recycling possibilities. Warshawsky(79) also investigated 
solvent impregnated resins incorporating liquid extractants of 
the phenolic oxime type for the selective extraction of copper 
ions from sulphate solutions. 
Vernon(80) impregnated Amberlite XAD-2 with hydroxy-
oxime, hydroxyquinolene and hydroxamic acid to study the 
separations involving metals such as iron , copper, cobalt, 
nickel, uranium, aluminium and magnesium . 
3.3.4 Extraction Chromatography of other 
Metals with Impregnated Active Carbons 
Andreev et a1.(81) investigated active carbon saturated with 
dithizone to concentrate lead and other metals( Cu, Fe , Mn , Zn, 
Cd and Co ) from dilute solutions. Andreev et al (82) studied 
the adsorption of some heavy metals with active carbons 
impregnated with a. -nitroso-!3-napthanol , dithizone , Na-
diethyl-diethyl-dithiocarbamate , and hydroxyquinolene. The 
metals adsorbed were Cd, Co, Cu, Mn, Pb, U and Zn. For selective 
concentration of 
(polyacroleins 
phenylhydrazones, 
uranium, high molecular complexing agents 
and other derivatives, oximes, 
and farmazans ) were more effective. 
Motojima(83) et al. have studied adsorption of cobalt ion in 
water on activated charcoal impregnated with oxime (AC(HOx)). 
Typical values of Co adsorbed on AC(HOx) and plain activated 
charcoal(AC) were 61.1 g/mg and 3.5 1.1 g/mg. The capacity of 
AC(HOx) increased with the increase in amount of oxime 
impregnated and becomes 1.5-2 times that of AC. The 
adsorption of Co on the AC(HOx) was not effected by the 
presence of Fe(III) , which exists in macroscopic amount in 
waste water. They also did column experiments on the removal 
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of cobalt (84) and maganese (85) with oxime impregnated 
carbons. The effect of the flow rate and Co ion concentration on 
the rate of adsorption in the column was determined. 
3.4. Concludin2 Remarks 
Most of the investigations described in the previous section, 
have arisen from the fact that extraction chromatography 
provides a link between the simplicity of column operation and 
the versatility of liquid-extraction. Most of the applications 
have been on the lab-scale , mainly as an analytical tool for 
selective or specific separations. The literature on this is 
extensive but major contributors are Eschrich, Chersini , Fritz, 
Hamlin , Sickierski, Stronski ,Testa, etc. 
In the 1970's , with the introduction of extractant incorporated 
resins ( Levextrel ) and later availability of macroporous resins, 
researchers began to investigate the potential of extraction 
chromatography on pilot-plant scale. Workers in the nuclear 
industry were the first to investigate the promise of this 
technique. Liquid extraction and ion exchange have always 
been the important separation techniques in nuclear fuel 
reprocessing and in the treatment of wastes at nuclear 
installations. Most frequently liquid-extraction is employed in 
the front end of the cycle to separate components and ion 
exchange is used in the purification cycles. The use of 
extraction chromatography promises a one cycle operation with 
the elimination of extraction cascade procedures. 
The principal applications of this technique has been in the 
i) reprocessing of the spent nuclear fuel solutions , ii) 
partitioning of the waste solutions , iii) Recovery of U, Pu and 
other valuable radionuclides from waste streams iv) achieving 
separations such as americium/curium or some 
lanthanides/actinides which otherwise would involve 
cumbersome procedure and v) treatment of effluents. The 
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leading contributions in this area have been : made by 
Eschrich (Belgium) ; Ochsenfeld , Kroebel , Faubel , Wenzel 
(Germany) ; Bourges , Madic, Koehly(France) ; Martella, 
Navratil, Alford ( USA ) , Britz , Cloete , Jarvis ( South Africa) 
and Warshawasky ( Israel). Their investigations have shown 
that extraction chromatography is well suited to industrial 
scale applications in the nuclear industry. It has also been 
successfully applied to high active conditions with remote 
operations. 
The earlier work of Maclain , Noble et al. on the use of 
impregnated active chars for uranium recovery from ores at 
the Western Laboratories ( San Francisco.) did not seem to 
continue. > as no further work has appeared in the later 
literature.* Goren (77) has , however, patented the idea and 
shown its applicability in uranium recovery from leach liquors. 
Also a Sutcliffe Speakman Carbons Ltd 's brochure on "Nuclear 
Carbons" indicates this company's involvement in a uranium 
recovery process from the low concentration ores.# 
Extraction chromatography methods have suffered from the 
disadvantage of extractant loss by partition into the aqueous 
medium. The solvent loss has been reported with Levextrel 
type resins , which has been the most attractive material in 
pilot scale work. Other laboratory prepared materials have 
shown the same drawback. Continous make up of fresh resin or 
alternatively recovery of lost extractant on a fresh column is, 
therefore, mandatory. The use of an extractant saturated 
mobile phase has also been practised. 
*An attempt to communicate with these authors was not successful since 
this laboratory no longer exists. 
#Company did not able to provide any further information.No date 
mentioned on brochure. 
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Extraction chromatography and solvent extraction are closely 
related and almost all the separation procedures employed in 
extraction chromatography are adapted from equivalent liquid 
extraction methods. Apart from similarities rnostoften 
described m the literature , little efforts have been made to 
asses the physical and thermodynamic properties of the 
stationary phases and the forces which exists between the 
stationary phase and the support. The workers have mainly 
concentrated on achieving certain separations and less 
attention has been given to a study of the characteristics of the 
stationary phases There is great need to improve our 
understanding of the impregnated phase properties . 
Another area which has to be investigated in detail is the 
method of preparing the impregnated supports. In the 
impregnation methods most often employed , the extractant 
and support material are mixed , loaded support is filtered 
and then dried. This means that the support material contains 
excess amount of extractant in the pores (if it is porous) and 
on the surface. The loaded support has then been washed with 
water or appropriate aqueous solution. Washing with aqueous 
solution which is immiscible with most extractants investigated 
does not explain how it removes the excess extractant from the 
support and produce a uniformly distributed extractant on 
support . The amount of extractant on the support is generally 
determined from the gravimetric gain in weight with respect to 
unloaded support. The equilibrium studies which are 
characteristic of the adsorption phenomena are scarcely 
applied to the loading of solvent to support materials. Also, the 
direct physical investigations on the impregnated support 
materials (either by FTIR or NMR ) in relation to impregnation 
procedures have to be performed in order to improve our 
understanding on the nature and stability of stationary phase 
on support. 
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To summarise extraction chromatography has been 
successfully applied to the separation of radioactive substances 
from various solutions both in the laboratory and at the 
process scale level and it is certainly possible to improve the 
performance of the chromatographic processes by investigating 
the characteristics of stationary phases and their loading 
techniques. Also, the use of chemically stable and high 
capacity and radiation resistant support materials will increase 
the attractiveness. of extraction chromatography. 
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Chapter 4 
Experimental 
This chapter describes the procedures apparatus and 
materials used to study adsorption of uranium in the work. 
This chapter also presents procedures used to oxidize active 
carbons with liquid reagents and impregnate them with 
tributyl phosphate. 
4.1. Active Carbon Varieties 
Table 4.1 lists all the commercial active carbons(AC's) and 
adsorbents tested in our work. The table also gives the 
suppliers name and source material of these adsorbents. All the 
adsorbents except , C6(BDH) , were kindly supplied by 
producers (suppliers addresses are given in Appendix D). 
Each active carbon is abbreviated by the letter "C". A number 
is assigned to each AC variety which follows the letter "C" i.e 
"C2" is the active carbon supplied by Sutcliffe and Speakman 
having trade name 208C. 
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Table 4.1. List of active carbons and adsorbents used. 
Abl:m: 'tiQn Irruk Sllililli~r lUg 
!!.lli ~ ~ M~l~rial 
Cl 207A Sutcliffe coal 
Speakman 
C2 208C Sutcliffe coconut 
Speakman shell 
C3 Picatif Pica coconut 
HW 307 shell 
C4 - Hopkin & coconut 
Williams shell 
C5 - Hopkin & animal 
Williams bones 
C6 Prod.No. BDH coconut 
33034 shell 
C7 C Graw Norit wood 
C8 Rax 1 Norit peat 
C9 Picaflow Pica wood 
103 
XAD-4 Am berli te Rohm & X-linked 
XAD-4 Ha as Polystyrene 
-DVB 
XAD-7 Amberlite Rohm & X-linked 
XAD·7 Ha as aliphatic 
polymer 
IRC-50 Am berl ite Rohm & +ion.Xch 'r 
!RC· 50 Ha as (COO") 
Methacrylic 
acid-DVB 
---------------------------------------, 
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Active carbons were received in larger particle size.( about 
1.7-0.85 mm size) These carbons were sized by grinding into 
different fractions. These fractions were washed exhaustively 
with distiled water . The carbons were dried first in air and 
then in vacuum at ambient temperature (carbon samples in the 
earlier work were dried at 60 °C in oven). These active carbons 
were stored in desiccator. The term " as received" has been 
used for these active carbon fractions. Thus C2 is " as received 
" active carbon supplied by Sutcliffe Speakman of trade name 
208C. 
4.2. Treatment of Active Carbons 
Treatment of active carbon involves oxidation by liquid 
reagents and impregnation with extractant ,TBP. 
4.2.1. Active Carbon oxidation with Liguid 
Reagents. 
Fig 4.1 shows the schematic diagram of the apparatus used for 
oxidising AC's. In a typical procedure, a known amount of AC 
(10 g) was taken in 250 ml of reagent of appropriate 
concentration and stirred at a temperature. of 85( +/- 5) oc for 
8 hrs in a round bottomed flask fitted with reflux condenser 
and thermometer. The mixture was then left to cool down at 
room temperature and then oxidised AC was then filtered and 
washed exhaustively with distiled water and then dried in air 
and later in vacuum at room temperature. AC's were stored in 
desiccator. 
Oxidized AC's are designated by writing the name and 
concentration of the reagent in a bracket after the AC variety .. 
Thus C6(7N HN03) indicates active carbon of BDH 
(prod.no.33034,charcoal) which has been oxidised in 7N nitric 
acid solution ( analytical grade; FSA Lab Supplies, min. assay 
70%). 
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4.2.2. Active Carbon Impre2nation with 
Extractant. 
Apparatus used for· impregnating active carbon was the same 
as in Fig.4.1 except that no heating mantle and reflux 
condenser were employed. Active carbons were stirred in a 
mixture of tributyl phosphate ( BDH and Aldrich Chemical 
Co.Ltd ) and solvent at room temperature for 8 to 10 hrs. Most 
of the impregnation was done with a TBP and solvent volume 
ratio of 0.4 to 0.6 . TBP was washed with an equal volume of 
0.02 M sodium carbonate before use. Most of the work has 
been done on AC's which have been impregnated using either 
ethanol or methylated spirit as solvent. In earlier work we 
have used absolute ethanol (FSA Lab Supplies) but later it was 
replaced by industrial methylated spirit (BP Ltd) to cut the 
cost. The impregnation of active carbons leaves agglomerated 
carbon particles which contain excess amount of TBP on the 
surface of particles. AC particles were washed with solvent to 
remove this excess TBP. Later, it was observed that washing 
with solvent reduces uranium capacity of impregnated active 
carbons. Active carbons were , therefore , washed with 
supernatant mixture obtained from the impregnation 
process(see discussion in Chapter 7). 
The methods of impregnation are. described in 
and related comments are made m section 3.4. 
section 3 .1.6 
The adsorption 
of uranium on impregnated active carbons is discussed in 
chapter 7. Appropriate comments about the impregnated 
carbons are also made during the data presentation. 
Impregnated active carbons are represented by writing the 
extractant and solvent in a bracket after the carbon variety. 
Thus, C9 (TBP/Sp) represents active carbon produced by 
impregnating active carbon , Picaflowl03 in a mixture of TBP 
and methylated w_iri t. 
Water 
... =~ 
-~ - - ---------------- - I 
1 
2 
Chapter 4 /1 2 9 
Legend 
1 ° Variable Speed Motor 
2 ° Impeller 
3 o Condenser 
4 ° Thermometer 
5 ° Round Bottom Flask 
6 ° Heating Mantle 
7 ° Liquid Reagent 
8 ° Active Carbon 
8 
Fig.4.1. Apparatus used to treat active carbons with liquid 
reagents. 
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4.3. Adsorption Studies 
This section describes the procedures which have been used to 
study uranium adsorption. 
4.3.1. Batch Equilibrium Experiments 
In a batch experiment , uranium solution is shaken with an 
appropriate amount of active carbon for 24 hours at room 
temperature[22 oc ( +/-2. OC)]. The uranium solution was then 
filtered and analysed. The difference in the concentration of 
starting uranium solution( C0 ) and equilibrium concentration 
(Ce) was used to work out the uranium adsorbed by the active 
carbon . 
Batch equilibrium isotherms were determined by taking 25 ml 
of solution containing different uranium concentrations in 
conical flasks (centrifuge tubes were used in our work at 
Imperial College). Equal amounts of active carbon were then 
added to each uranium containing flask. Batches were then 
agitated in shaker at room temperature for at least 24 hrs. 
Solution from each batch was then filtered and analysed for 
uranium. The amount of uranium taken up by active carbon 
was determined by the change in concentration of uranium 
from original solution concentration and the isotherms were 
constructed. 
The followings terms have been used in our work; 
C0 = initial uranium concentration 
Ce = equilibrium uranium concentration 
m = mass of adsorbent in a batch 
V = volume of batch 
x = mass of uranium adsorbed 
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m/V = . ratio of mass of adsorbent and volume of 
uranium solution in a batch 
a = fraction of uranium ads or bed 
x/m = mass of uranium adsorbed per unit mass of 
adsorbent 
Kd = distribution coefficient of uranium 
For a constant volume and dilution of sample ; 
Uranium concentration oc no of neutron counts in 
delayed neutron Counting 
oc absorbance in spectrophotometry 
oc band width in ion chromatography 
Fraction of uranium adsorbed ; 
a= Co- Ce 
Co 
Mass of uranium adsorbed per unit mass of adsorbent 
X I m= Co- Ce = (Co- Ce) V = _a_;_C=o"--
m/V m (m/V) 
Distribution coefficient of uranium , ( in volume/mass unit ) 
= x /m 
Ce 
= a(Co/Ce) 
(m/V) 
C o and Ce are expressed in mg/1 , mN in mg /ml , x/m in 
mg/g and 1-1 g/g and Kd in ml/g in our data. 
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4.3.2. Kinetic Exoeriments 
The kinetic studies were done by finite batch method (see 
Section 2.1.2) in the apparatus set-up shown in Fig.4.2. 
Uranium solution of known concentration and volume (500 m!) 
was taken in a round bottom flask and stirred with a known 
amount of active carbon at· room temperature. The stirring 
speed was 1100-1200 rpm and occasionally measured during 
the course of experiments with a tachometer. 
The samples were taken out with a syringe at regular intervals 
during the mixing of carbon and solution. The syringe had an 
extended tip containing glass wool at the end. The sample 
volume taken was about 2 - 2.5 m!. The sampling intervals 
were carefully planned in order keep the number of samples to 
a minimum. 
4.3.3 Column Experiments 
The set-up used to study column adsorptio·n of uranium is 
shown in Fig.4.3. Active carbons were thoroughly wetted to 
release air from the pores before putting into the column. This 
is essential in active carbon column adsorption studies as any 
air pocket developed during operation leads to poor liquid · 
distribution. This wetting procedure was accomplished by 
stirring active carbon in appropriate solution (distilled water or 
3N HN03 solution) for 5-6 hrs. During this stirring supernatant 
liquid was replaced with fresh liquid several times. 
Impregnated carbons required more rigourous stirring because 
the air bubbles released got attached to the carbon surface. 
Impregnated carbons were usually stirred overnight in 3N 
HN03. 
The active carbon was charged to the column in small 
increments as a slurry keeping a layer of liquid above the 
active carbon during charging. This is accomplished by filling 
- - -~ - - ----~---------------
1 
2 
3 
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Legend 
I -Variable speed motor 
2- Impeller 
3 - Syringe with extended tip 
4 - Thermometer 
5 - Round bottom flask 
6 - Support for flask 
7 - Uranium solution 
8 - Active carbon 
7 
8 
Fig.4.2. Apparatus used for study Kinetic of uranium 
adsorption. 
the column with one third of the 
carbon. 
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appropriate solution prior to 
The connecting tubing was the charging of the active 
also filled with appropriate solution before loading the column. 
The column was connected to a glass U-tube outlet as shown in 
Fig.4.3 , so that it does not run dry and there will always be a 
layer of liquid at the top of bed. This set-up also helped us to 
easily remove trapped bubbles on the discharge side of the 
bed. 
It was necessary to run the liquid continuously through the 
active carbon bed regardless of whether the column was in 
operation or not. Leaving a stationary layer of liquid at the top 
of the column resulted in the formation of air pockets inside 
the bed. In some experiments, excess liquid was recirculated 
to the original solution reservoir. 
Uranium solution was pumped to the top of the bed with a 
peristaltic pump at constant flow rate. The out let flow 
decreased with time particularly when using a small diameter 
column. Samples at the outlet were collected in a fraction 
collector attached to a timer. The volume fraction collected 
varied during column operation but usually 5 ml fraction was 
collected for 1 cm and 1.27 cm diameter column. 
The volume of the effluent passed through the bed up to break 
through point was determined by measuring the volume of 
each fraction to ascertain the exact volume of breakthrough 
(for 1 cm and 1.27 cm dia column). The volume passed after 
breakthrough was worked out from the average volume per 
fraction over 5-10 fractions. The volume of all the fractions 
collected during elution was measured until the uranium 
concentration was effectively zero. 
------~~~~~--~ 
Uranium 
Solution from 
Peristaltic Pump 
Active Carbon 
Pinch 
Timer 
min. 
0 
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Glass 
Capillary Tube 
Fraction 
Collector 
Fig.4.3. Experimental set-up for column experiments 
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Chapter 5 
Determination of U rani urn 
This chapter describes the theory and methods used to 
determine uranium in our study. Most of the reported data is 
obtained by determining uranium using ion chromatography 
with subsequent reaction with spectrophotometric reagent PAR 
[ 4-(2-pyridylazo) resorcinol]. The application of cation 
chromatography, post column derivitization and 
spectrophotometric detection for the determination of 
uranium(VI) in aqueous nitric acid solutions is described here. 
In earlier work, uranium samples were analysed by delayed 
neutron counting (DNC) [DNC was carried out . at Imperial 
College Reactor Centre, Silwood Park. Ascot, Berkshire SL5 7PY] 
and by a spectrophotometric method based on a selective 
reagent; BromoPADAP [ 2-(5-bromo-2-pyridylazo)-5-
diethylaminophenol ] . These methods are also described in this 
chapter. 
The DNC and BromoPADAP methods are briefly discussed , but 
more detail is given for ion chromatography with particular 
reference to cation exchange ion chromatography. 
------------------------------
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5.1. Uranium Solutions 
Uranium solutions were prepared from the depleted uranium 
salt of uranyl nitrate hexahydrate (BDH) . The uranium-235 
content of this salt was determined to be 0.33% (The natural 
uranium content of U-235 is 0.7%). The minimum assay of 
uranium in the salt was 90%. (with . impurities like 
chloride,sulphate,calcium,copper,iron and lead. ) 
A stock solution of 5 gm uranium per litre was made and 
solutions of desired concentrations were made by dilution with 
respective solutions. Solutions of different concentrations 
prepared in our laboratory were compared by measuring their 
concentration using DNC. Table 5.1 gives the results of this 
experiment. 
5.2. Uranium 
Delayed 
5.2.1. Theory 
Determination By 
Neutron Countin2 
When an isotope of uranium, U -235 undergoes fission , a small 
fraction of the the fission products decay by neutron emission. 
This phenomena is called delayed neutron emission , in 
contrast to the prompt emission of neutrons that takes place 
during the process of fission ( delayed neutrons are less than 
1% of the prompt ones ). Both kinds of neutron are related to 
the amount of uranium that has fissioned and may therefore 
be used for quantitative determination of the amount of 
uranium. Prompt neutrons are infrequently used , since the 
instrumentation required for this is too complicated. Delayed 
neutrons , on the other hand , can be readily determined by 
simple instrumentation and have been extensively used for 
uranium determination in various sample forms( I -4 ). 
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The delayed neutrons emitted by thermal fission of U-235 are 
divided into six groups , according to their half lifes and are 
listed in Table 5.2. 
Table 5.1. Comparison of concentration determined by DNC and 
intended concentration. 
Cone. 
intended 
(mg/1) 
20 
40 
50 
60 
100 
Conc.determ. 
by DNC 
(mg/1) 
18.446 
18.55 
18.738 
Avg.=l8.578 
37.82 
37.01 
28.242 
Avg.= 37.691 
47.452 
47.184 
48.198 
Avg.= 47.611 
57.376 
57.60 
58.664 
Avg.= 57.88 
93.474 
95.164 
97.364 
Avg.= 95.334 
Stand devia. • 
forDNC 
% 
0.796 
1.66 
1.10 
1.12 
2.04 
Avg Error 
DNC 
0.148 
0.684 
0.768 
0.846 
1.086 
Difference 
betw. intended 
& DNC determ. 
conc.(mg/1) 
1.422 
2.309 
2.389 
2.12 
4.466 
*Standard Deviation (SD) = [sum of all (Cj-Cavg)2 values/ (n-1)) 1/2 
Coefficient of variation = IOO.SD/mean 
wherever standard deviation is expressed as %age in this chapter it 
refers to coefficient of variation. 
-~· - - --·~ -~- -·- ------------------
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Table 5.2. Delayed neutron yields from thermal fission of 
U-235 (2). 
No of delayed Group 
neutron per fission index Half life,sec Yield,% 
0.0158 I 55.72 0.052 
2 22.72 0.346 
3 6.22 0.310 
4 2.30 0.624 
5 0.61 0.182 
6 0.23 0.066 
The delayed neutron emission of a U-235 nuclide irradiated 
with neutrons can be calculated by (2) 
NdN = Nr Of <I> a; . 
A.; 
(1-e-A.;tb )e-A.;td( 1-e-A.;tc) 
N dN = number of atoms decaying by delayed neutron 
emission 
N f = number of atoms of U-235 present in the sample 
Of= fission cross-section 
~ = effective neutron flux 
(5.1) 
a; = abundance of the delayed neutron emitting group 
A.i = decay constant of the delayed neutron emitting group i 
tb = duration of irradiation 
tc = duration of counting 
tct = time elapsed between end of irradiation and counting 
By inserting the appropriate values for uranium into the 
Eq.(S.l) the optimal conditions can be obtained. Amiel(2) has 
described the optimal conditions for DNC by considering the 
delayed neutron groups, length of irradiation period,delay time 
after irradiation , counting period and neutron flux, 
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5.2.2. Experimental 
Known volumes of uranium samples were sent in a 
polypropylene bottles [Plastic Scintillation vials; Canberra 
Packard Ltd, Berks] to Imperial College Reactor Centre for 
analysis. The volume of uranium solution sent varied 
according to the requirement .In one or two cases uranium 
adsorbed active carbon was sent for analysis. The results were 
obtained as the total amount of uranium in the sample. 
5.3. Uranium Determination by the 
BromoPADAP Method 
5.3.1. Theory 
Spectrophotometric methods are widely used for uranium 
determination. They exploit the fact that many species absorb 
UV or visible radiation. The principle is governed by Beer's 
law which relates the fraction of light transmitted to the 
concentration of the sample 
Log(I0 /l) = ebC (5.2) 
Where 10 is the incident light intensity, I is the intensity of the 
transmitted light, e is the molar absorptivity of the examined 
sample at the wave-length of the incident light , b is the path 
length of the light through the sample and C is the 
concentration of the light absorbing specie. The quantity 
Log(l 0 /l) is defined as absorbance of the solution 
Absorbance = Log(I0 /l) = ebc (5.3) 
For a fixed path length and monitoring wavelength the 
absorbance is, therefore , proportional to concentration and 
spectrophotometry utilizes this linearity for determining the 
concentration of the light absorbing species. More details on the 
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software and hardware of spectrophotometers can be found in 
standard texts on instrumental analysis. 
5.3.2. Exnerimental 
Spectrophotometric methods find wide use in uranium 
determination and Florence (5) has summarized some of the 
important methods of uranium determination. Uranium was 
determined with a reagent 2-(5-bromo-2-pyridylazo)-5-
diethylaminophenol(commonly called BromoPADAP) using the 
method described by Johnson and Florence (6,7). BromoPADAP 
is an improved derivative of PADAP [ 2-( 2-pyridylazo)-5-
diethylaminophenol ] which has itself been used for uranium 
determination (8,9). BromoPADAP has been found to be more 
sensitive towards uranium than PADAP , with a lower iron 
interference and is easier to prepare in a pure state (7). 
Florence and John son (8) have observed that PADAP forms 1:1 
complex with uranyl ion at pH 8 . The molar absorptivity of the 
uranyl complex with PADAP is 7.61 x 104 at 565 nm and with 
bromoPADAP is 7.4 x 104 at 578 nm at 7.6 pH. The organic 
structures of PADAP and BromoPADAP are given below ; 
N(C2H5)2 
m: 
2-(2-pyridylazo )· 5-diethy laminophenol(P ADAP) 
N(C2H5)2 
CH 
2-(5-bromo-2-pyridylazo)-5-diethylaminophenol(bromoPADAP) 
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Chemicals 
BromoPADAP; ( 2-(5-bromo-2-pyridylazo)-5-diethylaminoph-
enol) ; assay 97%. Aldrich Chemical Co. Ltd. 
CDTA; (trans-1,2-diaminocyclohexane-N N N' N'-tetra-acitic 
acid) ; General Purpose Reagent, assay 97% , BDH. 
Triethanolamine [ N(C2HsOH)3] ; AnalaR(99%), BDH. 
Sodium fluoride ; AnalaR (99%) , BDH. 
Sodium hydroxide ; AnalaR (98%) , BDH .. 
5-sulphosalicylic acid [C6H3(0H)(COOH)S03H.2H20] ; 
AnalaR(95.5%) , BDH . 
Perchloric acid ; AnalaR, BDH 
Ethanol ; Analytical Reagent , FSA Lab. Supplies. 
Reagents 
The BromoPADAP(0.05%) was prepared by dissolving 0.05 g of 
BromoPADAP in 100 ml of ethanol. 
The complexing solution was made by suspending 25 g of 
CDTA, 5 g of NaF and 65 g of sulphosalicylic acid in 100 m! of 
water. Neutralized to pH 7.85 with 40% NaOH and diluted to 
1 litre. These compounds start dissolving only at neutral pH in 
aqueous solution. 
The triethanolamine buffer was prepared by dissolving 132 m! 
of triethanolamine in 800 ml of water , neutralized to pH 8 
with perchloric acid and diluted to l litre. 
Equipment 
CECIL Spectrophotometer 
UNICAM (SP500 Series 2) Spectrophotometer 
Perkin Elmer ( Lambda2 ) Spectrophotometer 
Cell; lOmm path length, Kartell Cuvettes 
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Procedure 
A sample of 1 m! of uranium solution containing 0 - 100 l!g/ml 
was pipetted out into a 25 ml flask . For uranium solutions in 
water and in dilute nitric acid ( up to pH 1 ) , the reagents were 
added in the following order; 2 m! of complexing solution , 2 ml 
of buffer solution , 10 ml of ethanol and 2 ml of 0.05% 
bromoPADAP solution - diluted to volume with water. It was 
noticed that the buffering action kept the dilute nitric acid 
solution pH to the range of 7 - 8 and the sample did not 
require neutralization. 
For uranium samples in 3N HN03 , 3 ml of 1N NaOH were added 
along with other reagents (described in the above paragraph). 
The complexed solutions were allowed to stand at least 45 min 
and then absorbance was measured at 577.5 nm (for CECIL and 
UNICAM photometer 578 nm was used). After a wavelength 
scan on Lambda-2 , the maximum absorbance was observed at 
577.5 nm in 10 mm cell . 
Results and Djscussjon 
The absorbance spectra of bromoPADAP with uranium at 50 
mg/1 concentration is shown in Fig.5 .1. The maximum 
absorbance occurred at 577.5 nm. Beers law was obeyed from 
0 to 1.4 absorbance unit (0 - 100 l1 g/ml U ) at the conditions 
described in the previous section. Typical calibration curves 
obtained with Lambda-2, CECIL and UNICAM 
spectrophotometer are given in Fig.5.2a, 5.2b and 5.2c 
respectively. The colour of the solution remained practically 
unchanged for 2 hrs. The absorbance was almost constant in 
the range of 7 to 8 pH. The molarabsorptivity determined with 
bromoP ADAP was 3.23 x 1Q3 (Lambda-2). 
0 
" 
0 
0 
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1.50 I.amlxla-2 Specb'Qpho\Qmeter 
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Fig.5.2a. Uranium calibration curve with Perkin Elmer 
Lambda-2 spectrophotometer. 
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1.50 CECIL Soectrophtometer 
1.25 
"' ... 1.00 
" .. ~· 
.. 0.75 0 
"' ~
< 0.50 
0.25 
0.00 
0 20 40 60 80 I 00 120 
Conc.(mg/1) 
Fig.5.2b. Uranium calibration curve with CECIL 
spectrophotometer. 
1.50 UNICAM Scpectrophotometer 
1.25 
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.. 
~ 0.75 .. 
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"' ~
< 0.50 
0.25 
0.00 
0 20 40 60 80 I 00 120 
Conc.(mg/1) 
Fig.5.2c. Uranium calibration curve with UNICAM 
spectrophotometer. 
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5.4. Uranium Determination by Ion 
Chromato2raphy 
5.4.1. Background History 
Small (I 0) has given the background history of the 
development of ion chromatography. Ion chromatography as 
practiced today is primarily the result of merging the 
developments made in two major areas; chromatography and 
ion exchange. 
It was Small himself and eo-workers (11) at the Dow Chemical 
Company who laid the foundations of modern ion 
chromatography when they first described the use of a 
"suppressor" column for the separation and conductometric 
determination of anionic and cationic species. This column was 
placed after the separating column and served to reduce the 
background conductance of the eluent in order to enhance the 
the detectability of the eluted ions. In the same year , the Dow 
Chemical Company granted a license to the Dionex Corporation 
for the commercial development and marketing of the 
instrument that embodied the suppressed conductometric 
approach. The Dionex Corporation coined the termed " ion 
chromatography" and introduced the first chromatographic 
system in late 1975. In the early stages of the IC development , 
it was regarded as a tool for inorganic analysis but later it was 
realized that organic solutes can also be analysed by this 
technique. 
The application of ion chromatography has grown rapidly as it 
first time provided a reliable and accurate method for the 
simultaneous determination of many inorganic anions and 
cations in wide variety of matrixes (10,12,13). 
------------------------------------
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5.4 2 Basics of Chromatoeraphic 
Separation Process 
Ion chromatography (IC) falls into the general class of liquid-
chromatography and the basic components of a liquid 
chromatography system are shown in Fig.5.3(15). The 
separating column is the heart of any liquid chromatographic 
system and the nature of the column materials determines the 
type of chromatography ~nvolved , e.g in ion chromatography , 
the column consists of ion exchange material(15). 
In liquid chromatography, a sample containing the species to 
be separated is injected at the top of the column, whilst the 
eluent is passed continuously through the column. The sample 
components flow through the column at different rates and 
leave the column at different times. The detector senses the 
sample components and produces a chromatogram. Fig.5.4 
illustrates this principle for the separation of two components. 
Eluent 
delivery 
Sample 
injection 
________ ........ 
Eluent 
Reser-
voir 
Separation Detection 
Fig.5.3. Basic components of a liquid chromatographic 
system. 
Data 
System 
-- -·- ----------------------
Sample 
A+B 
Column 
Detector 
'Response 
I 
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Eluent 
B 
A 
Time 
Fig.5.4. Hypothetical illustration of separation of two 
components in a liquid chromatographic system(l2). 
Djstrjbution Coefficient 
When a sample is introduced onto a separating column , an 
equilibrium is established for each component of the sample 
between the eluent (mobile phase) and the stationary phase. 
Thus for component A , this can be expressed as; 
Am~As (5.4) 
Chapter 5 /149 
Where subscript m refers to the mobile phase and s refers to 
the stationary phase. The distribution of component A between 
the two phases is given by distribution coefficient, Kd,A. 
~.A= Cs!Cm (5.5) 
C s is the concentration of A in the stationary phase and Cm in 
the mobile phase. A schematic diagram · illustrating the 
distribution of A between stationary and mobile phase.is given 
in Fig.5.5. 
Eluent • 
• 
• 
• 
(a) 
(b) 
Fig.5.5. The distribution of component A molecules 
(represented by black dots) between stationary and 
mobile phase when distribution coefficient Kd, 
A is (a) low and (b) high(12). 
Retention Time 
A typical chromatogram is shown in Fig.5.6 .The first peak 
corresponds to the solvent in which the sample is dissolved 
along with the components which do not interact with 
stationary phase. The sample sol vent and unretained 
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components take some time to pass through the column and 
interconnecting tubing , even though they do not interact with 
the stationary phase. This time is called dead volume, t0 • 
Similarly the time at which the retained solute appears is 
known as retention time, tR. 
Solvent 
to 
I:Ri 
..... 
t:R2 
In ~ect 
Time 
Fig.5.6. A typical chromatogram.of two solutes (1 and 2) 
Capacity Factor 
An important descriptive term used in chromatography is 
called the capacity factor ( or k-prime), k'. It is defined for a 
solute A as (12), 
k':: Kct,A(Ws/Vm) (5.6) 
where w8 is the weight of the stationary phase and Vm is the 
volume of the mobile phases. 
-- ------------------------
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The rate of travel of component A throug·h the chromatographic 
system can be related to the average linear velocity of the 
mobile phase,u and k' as 
Rate of travel of A = u (1/1 +k') (5.7) 
Thus, the rate of travel of a solute through a chromatographic 
system is determined by the average velocity of the mobile 
phase , the volume of the mobile and stationary phases and the 
distribution coefficient of the solute. If the chromatographic 
parameters remain the same , the only factor which changes 
from one solute to another is the distribution coefficient. Thus 
each solute of a sample will have a different (and 
characteristic) rate of travel through the stationary phase 
provided it has a unique value of the distribution coefficient. 
This means that each solute will emerge from the column at a 
characteristic retention time. 
The capacity factor is conveniently expressed in terms of 
retention time of a solute as 
k' = (tR -t0 )/to (5 .8) 
This expression for k' is commonly used to describe the 
behaviour of eluates in chromatography. 
5.4.3. Principles of Ion Exchan~e 
An ion exchanger consists of an insoluble solid matrix which 
carries fixed ions and exchangeable cations or anions. The fixed 
ions are chemically bound to the solid matrix and the ions of 
opposite charge are exchangeable ions i.e they can be 
exchanged for an equivalent amount of other ions of the same 
sign when the ion exchanger is in contact with an electrolyte 
solution. The insoluble matrix may be inorganic or a polymeric 
organic resin. The ion exchanger is called cation exchanger 
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when the fixed ion carries a negative charge and anion 
exchanger when the fixed ion carries a positive charge. 
The ion exchange process can be illustrated by the considering 
the cation exchanger , resin-S03-.H+, carrying a fixed ion S03-
on the "resin" and an exchangeable ion, H+. When this cation 
exchanger is brought into contact with a solution containing a 
different cation A+ , an equilibrium is established between the 
two cations , H+ and A+ 
(5.9) 
The fixed ion on an resin matrix forms a part of the functional 
group bonded covalently to the source of the matrix. Some 
typical functional groups of cationic and anionic exchangers are 
given in Table.5.3. Cationic exchangers are further classified as 
strong acid and weak acid exchangers. Sulphonic acid is the 
strong acid type functional group and the remaining are weak 
acid type. Similarly , the anionic exchangers are classified as 
strong base and weak base types. Quaternary amine groups 
form strong base exchangers and less substituted amines are 
weak base exchangers. The strong acid and base groups are 
ionized over a large pH range but weak acid and weak base 
groups are predominantly non-ionic at low and high pH 
respectively. 
The equilibrium coefficient ( also referred as selectivity 
coefficient ) which characterize the ion exchange process in 
Eq.(5.9) can be defined as . 
[A +Js,m = concentration of sample ion in stationary(s) or 
mobile(m) phase. 
(5.10) 
[SQ3-ls.m = concentration of sulphonate ion in stationary(s) or 
mobile(m) phase. 
-~ - --~·------------
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The distribution coefficient of cation A+ is given as 
(5 .11) 
and capacity factor is related to Kd,A as 
k' = Kct,A(g resin/cm3 solution) (5.12) 
k' is usually determined by the Eq.(5.8) 
Table 5.3. Functional groups on ion exchange materials. 
Cation Exchangers 
Sulphonic acid ; -S03- H+ 
Carboxylic acid ; -coo· H+ 
Phosphoric acid ; -P03H· H+ 
Phenolic ; -O· H + 
Anion Exchangers 
Quaternary amine; -N(CH3)3+ OH· 
Tertiary amine; -N(CH3)2+ OH-
Secondary amine; -N(CH3)+ OH-
Primary amine ; -NH3+ OH-
5.4.4. Ion Exchangers in Ion ChromatograPhy 
Ion exchangers are the stationary phase in ion chromatography 
The main difference between the stationary phase of IC and 
conventional ion exchangers is the low ion exchange capacity 
of the ion chromatographic separation columns, typically 10-
100 j.lequ/g. The ion exchange capacities of conventional 
exchangers are of the order of I - 5 mequ/g. Fundamental 
properties of ion exchangers which are important in IC are 
discussed in (10,12-14). 
Organic polymers are the most commonly used matrices in 
modern IC. Several of these polymers consist of copolymer of 
styrene and divinyl benzene(PS-DVB) and a small number are 
Chapter 5 /1 5 4 
based on a divinylbenzene and acrylic or methacrylic acid. 
polymer. These polymer matrices are then further reacted with 
appropriate reagent to introduce functional groups . Two kind 
of polymeric material are normally employed as the stationary 
phase in IC. 
1- Surface functionalised resins 
2- Agglomerated resins 
Surface Functionlised Resjns 
PS-DVB polymeric resin can be functionalised to the cation 
exchanger of the sulphonic acid type by reacting it with hot 
sulphuric acid. The degree of sulphonation is carefully 
controlled in order to confine the presence of sulphonic acid 
groups to the surface of the resin and to keep the ion exchange 
capacity small. They differ from conventional cation exchangers 
which contain sulphonic acid groups throughout the pore 
structure and possess high capacity. Fig.5.7 gives a schematic 
representation of a surface sulphonated resin. 
Two typical commercial surface sulphonated cation exchange 
columns supplied by Dionex are given in Table 5.4. HPIC CS2 
was used in our study for the determination.of uranium. 
Table 5.4. Commercial surface sulphonated Dionex cation 
exchange columns 
Column Polymer Particle Capacity Refs 
Size().lm) ().lequ/g) 
Dionex HPIC CS I PS-DVB 20 5 (16) 
Dionex HPIC CS2 PS-DVB 15 10 (17-20) 
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Sulphonic 
~ acid groups 
Fig.5.7. Schematic representation of a surface sulphonated 
cation exchanger. The negative charges represent 
sulphonic acid groups which are located on the surface 
of the resin bed (12). 
Agglomerated ion exchange resins 
Agglomerated. resins consists of an internal core particle to 
which is attached a monolayer of small-diameter particles 
which carry the functional groups. The core is generally a 
moderately cross-linked (2-5% ) PS-DVB polymer with a 
particle range size range 10-30 11m. The outer microparticles 
consist of finely ground resin or mono disperse latex (with 
diameters approx. 20-100 nm) which have been functionalised 
to contain the appropriate ion-exchange functional groups .. 
Fig.5.8 shows a sketch of agglomerated cation exchanger. Some 
commercial agglomerated type cation exchange column of 
Dionex include IONPAC-CS3 and IONPAC CS5 and anion 
exchange column IONPAC-ASI to IONPAC-AS9. 
- --- ------~~~~~~~~~~~~-
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Sulphonated latex 
,.._....,.__ particles 
Fig.5.8. A schematic presentation of agglomerated cation 
exchanger(l2) 
5.4.5. Post Column Derivitization<PCD) 
In post column derivitization (or post column reaction) the 
eluted solutes from the column are reacted with a specific 
reagent prior to detection. The complexation with calorimetric 
reagents is used for the UV -visible detection· of various metal 
species particularly transition metals. Post column reaction 
with PAR(4-(2-pyridylazo)resorcinol has been used to detect 
uranium in our study. The method has been described by 
Florence and Farrar (21). They determined uranium at pH 8 in . 
the presence of a mixed complexing solution containing (1 ,2-
cyclohexylenedinitrilo) tetraacetic acid, sulphosalicylate and 
fluoride. The molar absorptivity of uranium complex with PAR 
was 38,700 at 530 nm. The structure of of PAR is given below ; 
CH 
4-(2-pyridy lazo )resorcinol(P AR) 
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The hardware of post column derivitization i.e reagent 
delivering device ( pneumatic pump) and mixing chamber 
(membrane reactor) where eluent and PCD reagent are 
intimately mixed are described in the next section. 
5.4.6. Experimental 
Chemicals 
4-(2-pyridylazo )resorcinol(PAR) 99% assay, Fluka. 
Ammonium hydroxide(NH40H) ; ACS reagent, Aldrich Chem.Co. 
Acetic acid (glacial) ; primar grade FSA Lab.Supplies. 
Ammonium sulphate [(NR4)2S04] ; Aristar, BDH.(99.5%) 
Sulphuric acid (H2S04) ; Aristar, BDH.(98.08%) 
Reagents 
Eluent ; 
PAR solution*; 
0.015 M ammonium sulphate 
0.15 M sulphuric acid 
4 x 10-4 M PAR 
3 M ammonium hydroxide 
1 M acetic acid. 
(*Thoroughly dissolve PAR in ammonium hydroxide solution in 
a well ventilated fumehood, then add acetic acid slowly as this 
reaction is highly exothermic. PAR reagent has a life of 2 week 
if kept under nitrogen atmosphere.). 
Instruments 
Dionex Ion Chromatographic System , 4500i 
Perkin-Elmer Lambda-2 spectrophotometer 
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Description of the System 
The uranium analyses were carried out with a Dionex Series 
4500i ion chromatography system. The separator column 
employed was an HPIC-CS2 containing strong acid cation 
exchange material. The properties of this column are given in 
Table 5.4. Uranium in the effluent from the column was 
reacted with PAR [4-(2-pyridylazo)resorcinol] reagent in a 
Dionex Ionpac membrane reactor (Fig.5.9) and detected in a 8J.!l 
flow cell using a Perkin-Elmer Lambda-2 spectrophotometer. . 
A simplified flow diagram of Dionex 4500i ion chromatograph 
and detection system is drawn in Fig.5.10. A photograph of the 
system is given in Fig.5.ll. 
The eluent in the reservoir can either be in the sparge or 
pressurize mode as determined by the position of air actuated 
pressure valve. In the sparge mode ( Fig.5.10 ; 1-4-reservoir-
2-3), pressurized helium (7 psi) is sparged through the eluent 
and displaced gas is directed to a vent line. In the operation 
mode , 7 psi pressure is applied on the eluent reservoir and 
vent line is closed (Fig.5.1 0, 1-2-reservoir). 
Eluent is pumped, from the reservoir, through the rest of the 
system with a gradient pump. It first passes through the high 
pressure air operated injection valve, which has two positions. 
Off; load position ( Fig.5.10) 
Eluent course, l-4-8-5 
Sample course, 7-6-2-3 
On; Injection position 
Eluent course, l-2-6-5 
Eluent containing sample species flows from the injection value 
through the separator column and into the membrane reactor. 
The membrane reactor consists of a hollow fibre which is 
surrounded by reagent. The eluent is directed into the interior 
-~ - ----------------
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of the hollow fibre. The surrounding reagent permeates the 
fibre and diffuses into the column effluent. The reagent and the 
sample species in the eluent react to form the detectable 
reaction product. .The continuous , homogeneous addition of 
reagent through the fibre walls significantly improves the 
mixing. A simplified schematic diagram of membrane reactor is 
shown in Fig.5.9. The reagent is supplied into the membrane 
reactor from a N2 pressurized reservoir . The flow rate of 
reagent is controlled by the nitrogen pressure regulator. 
Fig.5.10 shows this reagent delivery module. 
·. 
Finally, the liquid from 
cell ( 8J.Ll volume) of 
the membrane reactor flows into the 
Lambda-2 spectrophotometer and is 
detected. The output from detector was recorded on the printer 
and chart recorder. 
Eluent 
+ 
Solute 
(Column 
effluent) 
Reagent 
under gas pressure 
Semi-penneable hollow 
fibre membrane 
Eluent 
+ 
~~~ ==--~ So+lute ~To 
::1::> Detector 
Reaget 
'Pressure 
relief tube 
Fig.5.9. A schematic diagram of membrane reactor. 
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5.4. 7. Results and Discussion. 
The uranium(VI) determination method was developed from 
Dionex Note 42(19). A Dionex HPIC CS2 separating column was 
used in the determination. The properties of this column are 
given in Tab!~ 5.4. Operating conditions used in our work are 
given in Table 5.5. The concentration of ammonium sulphate 
and sulphuric acid in the eluent were optimized in order to 
reduce the analysis time and give good resolution between the 
solvent and uranium peak. Retention time (retention time are 
calculated with reference to the sample injection time ) of the 
uranium peak was 3.48 minute and the solvent peak occurred 
at 2.10 minute. 
A wavelength scan of the uranyl-PAR complex is shown in 
Fig.5.12. The maximum absorbance occurred at 528 nm and 
this wavelength was employed throughout the analysis. 
The uranium in each sample was determined by external 
standardization . Fig. 5.13 shows a typical calibration plot of up 
to 2 mg/1 uranium concentration. Typical chromatograms of 2,4 
and 8 mg/l uranium samples are shown in Fig.5.14 and of 0.4 
and 0.8 mg/1 uranium samples in Fig.5.15. The linearity up to 
8 mg/1 uranium concentration was verified. 
Uranium samples were analysed 
and column studies. Uranium in 
from the equilibrium , kinetic 
the original solution (Co) was 
standardized first against uranium standards. Then samples of 
uranium from equilibrium solutions (Ce) were analysed by 
runmg a calibration standard between a set of samples (22) .. 
Thus, 
Concentration of uranium in the sample == (C5/H5) Hu (5 .13) 
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where ; 
(CsiHs) = (calibration standard concentration 
I calibration standard band size) 
is the calibration factor and Hu is the band size of uranium 
sample. Fig.5.i6 shows chromatograms of uranium samples ran 
between a calibration standard (samples originated from a 
column experiment). The band size of uranium was 
characterized by height and it was mostly determined from the 
chart paper.( Full scale of absorbance corresponds to about 24 
cm of height in chart paper). 
Table 5.5. Operating conditions for the analysis of uranium 
Eluent 0.015 M (NH4)2S04 and 
0.15 M HzS04 
Eluent flow-rate 1.0 ml min·l 
Back pressure in the system 480 - 520 lb in- 2 
Post column reagent 4 x I0-4 M PAR 
3.0MNR40H 
1.0 M CH3COOH 
Reagent flow rate 
Wavelength 
Absorbance scale 
Flow cell 
Path length 
Sample matrix 
Sample volume 
0.4 ml min-I 
528 nm 
variable 
8 j.d 
8 mm 
aqueous nitric acid 
50 & 180 ~1 
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Reproducibility of uranium chromatograms at 0.1 mg/1 (SD = 
0.82%) and 0.25 mg/l ( SD = 0.37% ) concentration is shown in 
Fig. 5.17 and Fig. 5.18 respectively. It should be pointed out 
here that we were stretched to the lowest detectable 
absorbance( 0.001) by the spectrophotometer. The 
reproducibility over a long period of time is shown in Fig.5.16 
where a calibration standard is ran after 6 samples ( minimum 
time for each complete sample run was about 15 minute). We 
do have to run calibration standard more frequently than 
presented in this figure. 
The lowest uranium was detected was 0.1 mg/1 with 50 J.Ll 
sample loop. This detection was limited by the lowest possible 
value of absorbance ( 0.001) which could be obtained with the 
spectrophotometer. Later we increased the sample loop volume 
to 180 111 and the linearity of concentration up to 8 mg/1 was 
again observed. This increased volume of sample enabled us to 
work at higher sensitivity. The absorbance scale generally 
selected for 2 mg/1 uranium sample was +0.014,-0.002 with 
50 ml sample loop and it increased to +0.04 , -0.002 with the 
new loop. 
Table 5.6 gives the pH of solutions involved in the system. It is 
important to note the pH of samples , S 1 and S2 before and 
after reaction with PAR reagent. SI was prepared from 
uranium in aqueous solution( no acid) and S2 from uranium in 
3N HN03 solution. It is evident from the table that acetic acid 
and ammonium hydroxide buffer accommodates the wide pH 
changes (5.2-0.8) and the detection of uranium takes place at 
about pH 9. 
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Table 5.6. pH check of solutions in the systems. 
Solutions 
Double distilled water 
Deionized water 
Eluent 
PAR reagent 
Eluent+PAR(at the out Jet of system) 
1 ml of 50 mg/1 U in 3N HN03 + 
24 ml deionized water(St) 
S 1 +(Eluent+P AR) ; at the outlet of the system 
50 mg/1 U soln. in distilled water 
1 ml of 50 mg/1 U soln. in distilled water+ 
24 ml of deionized water (S2) 
S2+(Eluent + PAR) ; at the outlet of the system 
pH 
6.00 
5.85 
0.72 
10.14 
9.00 
0.79 
8.98 
4.49 
5.21 
9.01 
The effect of the the acidity of the sample on the height of the 
uranium band was studied. Table 5.7 gives the results of an 
8 mg/1 uranium sample in different nitric acid normality of 
solutions. It is apparent that uranium peak height is not 
influenced by the acidity range of the sample studied. The 
experiment was repeated with 2 mg/1 and 4 mg/1 uranium 
samples in the nitric acid concentration range of 0.04 - 0.12 N 
and a coefficient of variation of 1.5 - 2% was observed. 
Chromatograms of 2 mg/1 U sample in 0.04 and 0.12 N HN03 
solution are given in Fig.5.19. It is interesting to note that 
solvent peak height gets lower as the acidity of the sample 
increases , a very high solvent peak was observed when 
uranium was in aqueous solution without nitric acid. This 
experiment showed that band width of uranium is not effected 
by the sample pH over a wide acidic range but the solvent peak 
height increases as the pH increases. The solvent peak is 
eliminated if the uranium sample matrix is matched with 
eluent. 
I 
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Table 5. 7. The effect of acidity of sample on band size of 
uranium chromatogram. 
8 mg/1 U in aqueous soln. 
8 mg/1 U in 0.06N HN03 soln. 
8 mg/1 U in 0.12N HN03 soln. 
8 mg/1 U in 0.24N HN03 soln. 
8 mg/1 U in 0.36N HN03 soln. 
pH Response 
5.5 717030 
691545 
716558 Avg.= 708378 
0.99 724837 
726441 Avg.= 725639 
0.66 '716767 
714707 Avg.= 715737 
0.35 719944 
725276 Avg.= 722610 
0.13 703162 
701677 Avg.= 702419 
Standard deviation = 9666 
Coefficient of variation = 1.35 % 
Samples were prepared by taking 1 ml of the uranium solution 
in a 25 m! flask and diluting to the mark with deionized water. 
(from Millipore Water System , resistivity 18 mega Ohm-cm). 
Since most the work was done with uranium in 3N HN03 
solution, this dilution gave an acidity of 0.12 N nitric acid in the 
sample. Greater dilution is also made for samples from 
equilibrium isotherm studies. However, the acidity of the 
samples was kept the same by adding appropriate amounts of 
3N HN03 to each sample before dilution e.g samples of uranium 
aqueous solution were prepared by adding 1 m! of 3N HN03 
before diluting to 25 m! in order to have a low solvent peak. 
Calibration standards were prepared in the same manner as 
the samples. 
The PAR flow rate used in our study was about 0.4 ml/min. 
This flow rate was controlled with a pressure regulator in the 
reagent delivery module shown in Fig.5.10. The eluent is 
delivered by a constant flow rate pump at 1 ml/min. The 
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mixture of eluent and PAR reagent are mixed in a membrane 
reactor and- then detected by spectrophotometer in a flow cell. 
The absorbance of eluent-PAR reagent mixture at 528 nm 
wavelength was the reference set to zero . The absorbance of 
the eluted uranium and PAR complex was detected with 
reference to this absorbance value. Thus for the same uranium 
sample concentration , a decrease in PAR flow rate resulted in 
an increased peak height of the uranium and· vice versa. The 
PAR flow rate was adjusted at the start of each determination 
and checked during the course of a determination. A calibration 
standard was measured frequently between a set of samples 
during the course of analysis. The frequency of measurement 
was determined by the tendency of the · calibration factor to 
drift. 
Typical chromatograms of samples from uranium solutions 
before (Co) and after adsorption(Ce) on oxidized active carbon 
and TBP-impregnated active carbon are shown in Fig. 5.20 and 
Fig.5.21 respectively. The peak just after the uranium elution 
(retention time 4.25 min) was not identified. However, several 
tests were made to find the origin of this peak and make sure 
it was not related to uranium. In one experiment , different 
varieties of active carbons were equilibrated in 3N HN03 
solution (without uranium) and the solutions were analysed. 
This peak appeared with all the active carbons tested and a 
chromatogram obtained with C6 carbon variety is given in 
Fig.5.22 ( a silica sample gave the highest peak under these 
conditions). 
A late eluting peak at 10.50 min was detected and the origin of 
this peak was both in the distiled water and deionized water. 
Fig.5.23 shows this peak in the deionized water. This was later 
identified to be zinc*. Several attempts to quantify this peak 
did not meet with success and the band sizes obtained did not 
make any sense. The conditions were not optimum for zinc 
determination and the matrix itself and the diluting solution 
contained zinc. Also the reported assay of analytical grade 
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nitric acid (FSA Lab. Supplies) shows the presence of zinc as an 
impurity (< 0.1 ppm). 
* Zinc is an essential element in human nutrition(4-10mg is the daily 
requirement). The guide-lines for the zinc in tap water are, therefore, 
based on aesthetic considerations since a high concentration of it gives 
astringent taste. Tap water seldom has a zinc concentration greater than 
O.lmg/1. It could be higher at the consumer taps because of the use of 
galvanized piping. European guide line for concentration of zinc in 
drinking water is 5 mg/I.(Guide-lines for Drinking Water Quality, World 
Health Organization, 1984.) 
- ----~~~~~~~-
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Fig.5.12. Wavelength scan for uranium-PAR complex 
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Fig.5.13. Typical calibration curve in the concentration range 
0 - 2 mg/l of uranium 
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Fig.5.14. Typical uranium chromatograms of 2,4 and 8 mg/l 
concentration( Scale; +0.125,-0.002A) 
------------·- -
Chapter 5 I 1 7 1 
(a) (b) 
Fig.5.15. Typical uranium chromatograms of (a) 0.4 and 
(b)0.8 mg/1 concentration(Scale; +0.005,-0.0025A) 
1 
-- --------------------------------
I 
, 
Fig.5.16. Chromatograms illustrating the use of the calibration 
standard (Scale; +0.07 ,-0.002A) 
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Fig.5.17. Chromatograms illustrating reproducibility at 
0.25mg/l uranium concentration ( scale; 0.005,-0.00IA). 
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(b) (a) 
Fig.5.19. Chromatograms of uranium in different acidity of 
solutions; ( a) 0.04 N HN03) , (b) 0.12N HN03 and 
(Conc.;2 mg/1, Scale; +0.03,-0.00ZA) 
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Fig.5.20. Typical Chromatograms showing the uranium 
adsorption 
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[ Co = 50mg/l in 0.012N HN03, 25 times diluted]] 
0 
• 
. . 
·····""~······~······ ·a 
"' ... . . .. .. ~. . .... 
. . 
....... • 0 •• , .... --~ 
• 0 I I 1• 1•1 I 11 I 11 t 
1 u •• I •••• 4' ....... .. 
. 0 
........... ' ~ 2 
.. . . ... .. 
I 11 I I I I' I 
0 
• . ... .. . 0 
... 
• •• I 0'0' 
....... .. ....... . 
•• I I 11 I • I 
• 
.. N 0 
• a • 8 1 
(a) 
• 0 
.. 
l!. 
:r ,. 
Chapter 5 I 1 7 7 
'' I• ''I I 0 I 11 I I 0 11 I 
' . 
. .. ·········'· ... 
'0'1' 'I,.,. • '" 0' o ... I o ••• 
. .....•...... , ..... . 
~ 
• 
·a 
w 
I 
. . . 0 
I o o ••••,o I 1•11 '.' •I I I I f- c 
. "" 
'. 
-............ . 
.I o •• I 
0 
Ill lo •• I'' olo 110 ~ 0 
.. 
• •• • • I • I 
. .............. . 
Ill I I r. 
.. ... .... . . . .. ...... 
.. .. N 
.. • 
. , I 
(b) 
Fig.5.21. Typical Chromatograms showing the uranium 
adsorption on impregnated active carbon 
(a) Before (b) After (scale; +0.032,-0.002A) 
[ Co = 50mg/1 in 3N HN03, 25 times diluted] 
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Chapter 6 
Adsorption of Uranium 
from Near-Neutral and 
dilute Acidic Solutions 
In this chapter uranium adsorption from near-aqueous and 
dilute acidic solutions with as-received and oxidized active 
carbons is reported. The equilibrium isotherm, kinetic and 
column results are presented. The discussion on all the results 
is made at the end of the chapter. The terminology used for 
active carbons is described in Chapter 4 , Section 4.1 and 4.2.1. 
6.1. Sin~:Ie Point Batch Equilibrium 
Adsorption 
6 .1.1. Adsorption from Buffer Solutions 
Adsorption of uranium from acidic buffers solution was 
studied. The buffers consisted of a mixture of citric acid and 
sodium citrate. Table 6.1 shows the sorption of uranium on as-
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received active carbons from aqueous solution buffered at pH 3 
and pH 4. Table 6.2 gives similar data with oxidized active 
carbons and as-received active carbons at lower mN(mass of 
AC/volume of batch) ratio. It appears that shell based active 
carbons (C2 and C4) perform rather better. Oxidation of active 
carbons with mineral acids does not improve the adsorption 
capacity and in the case of C4 , it has actually decreased. We 
studied adsorption of uranium from solution containing sodium 
acetate in order to check whether it was the uranium complex 
e.g. citrate complex that is being adsorbed on active carbon, . 
Table 6.3 shows that the presence of acetate has considerably 
increased uranium sorption.which suggests that some citrate or 
acetate complex is adsorbed on active carbons. 
Table 6.1. Uranium adsorbed by as-received active carbons 
from buffer solutions.at pH 3 and pH 4 
[ C0 = 33 mg/L mN = 100 mg/25 ml ] 
Active pH 3 Buffer pH 4 Buffer 
Carbon (citric acid/sod.citrate) citric acid/sod. citrate) 
Type Fraction x/m Fraction x/m 
Adsorbed ( mf}./f!, ) Adsorbed ( mf!,/f!. ) 
Cl 0.43 3.56 0.382 3.15 
C2 0.693 5.72 0.54 4.395 
C3 0.181 1.49 0.15 1.213 
C4 0.527 4.347 0.396 3.225 
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Table 6.2. :Uranium adsorbed by as-received active carbons 
and oxidised active carbons from buffer solution. 
pH3. [C0 = 28 mg/L , m/V = 25mg/25 ml] 
pH 3 Buffer 
Active Carbon ( citric acid/sod. citrate ) 
type Fraction xI m 
Adsorbed ( mg I g) 
C2 0.143 4.0 
C2( 7N HN03) 0.156 4.36 
C2( 7N H2S04) 0.158 4.42 
C4 0.272 7.62 
C4( 7N HN03) 0.170 4.76 
Table 6.3. Uranium adsorbed by as-received active carbon 
from sodium acetate solution. 
[ C0 = 31 mg/L uranium and I OOmg/L acetate in 
aqueous solution ; mN = 25mg/25 ml ] 
Active Acetate Solution 
Carbon Fraction xI m 
Type Ads or bed ( mg I g ) 
C2 0.733 22.72 
C4 0.83 25.73 
------------ -- -
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6.1.2. Influence of pH and Presence of Acids on 
Adsorption 
The influence of the pH and effect of addition of acids on the 
uranium adsorption with active carbons were studied. The 
uranium solutions were prepared in distilled water and then 
acids were added to the solution. ( we have conveniently used 
the term "aqueous solution" where uranium salt is present in 
water with no added acid or base. Acid solution samples are 
described as , " dilute nitric acid solution" ). 
The adsorption of uranium by as-received active carbons from 
aqueous solution without pH adjustment and from a solution of 
pH 1 containing nitric acid are shown in Table 6.4 . The shell 
based active carbons C2, C4 and C6 show higher values of 
adsorption. Table 6.5 shows uranium adsorption from dilute 
sulphuric acid and acetic acid by as-received carbons and 
macroporous adsorbents. It is worthy of note that uranium 
uptakes in acetic acid solutions are significantly higher. 
In a separate experiment, the effect of addition of different 
acids on uranium adsorption with oxidised active carbon , 
C2(7NHN03) was studied. Five solutions of equal uranium 
concentration were prepared. One batch did not have any 
added acid and in other four , pH was adjusted with different 
acids. Fig.6.1 shows how the nature of the acid present in 
uranium solution effects the adsorption. The arrows indicate 
the drop in uranium uptake that occurred as the pH is adjusted 
from aqueous solution to acidic values. 
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Table 6.4. Uranium adsorbed by as-received active carbons 
from aqueous solution ( no pH adjustment ,pH 4.15) 
and aqueous solution of pH 1 ( pH adjusted with 
HN03). [C0 "33 mg/L mN = 25 mg/25 ml] 
Active Aqueous Solution pH 1 solution 
Carbon pH 4.15;no adjustment) lrpH adjusted with HN03) 
Type Fraction x/m Fraction x/m 
~dsorbed ( mf!./f!. ) k-\dsorbed (mg/g) 
Cl 0.098 3.23 0.0224 0.739 
C2 0.151 5.00 0.0321 1.059 
C3 0.066 2.20 0.0175 0.577 
C4 0.274 9.04 0.0466 1.538 
CS - - 0.0116 0.383 
C6 0.101 3.33 0.029 0.957 
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Table 6.5. Uranium adsorbed by as-received adsorbents 
from aqueous solution of sulphuric acid and 
acetic acid.[C0 = 31 mg/L mN = 25 mg/25 ml] . 
!Adsorbent 
Type 
C2 
C4 
C5 
C7 
C8 
XAD-4 
XAD-7 
40 
35 
30 
~ 
.. 25 
-.. 
E 20 
-
E 15 
-
.. 
10 
5 
0 
1.0 
0.1M Sulp.Acid 
(pH 0.4) 
Fract. x/m 
Adsor. (mg/g) 
. 
0.026 0.806 
0.043 1.054 
0.006 0.018 
0.084 2.60 
0.037 1.147 
0.019 0.589 
0.035 1.085 
0.1M Acetic Acid 
(pH 2.6 ) 
Fract. 
Ads or 
0.496 
0.562 
0.622 
0.283 
0.432 
-
0.026 
• I~ 
I U 
I .§ 
I ~ 
E .;:!, 
~~ 
I 9 1.:::, 
I~ I ~ ; o-
1 ~ 
1 .... 
I o 
l::t: I o. 
l 
I 
x/m 
(mg/g) 
15.35 
17.394 
19.25 
8.76 
13.37 
-
0.804 
pH or aq. solo. 
adjusted with 
• Acetic Acid 
• Hydrochloric Acid 
D Nitric Acid 
0 Sulphuric Acid 
1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 
pH of Initial Solution 
Fig.6.1. Influence of pH adjustment with acids on uranium 
adsorption [C2(7N HN03); C0 = 43.50 mg/1 , mN = 25mg/25ml] 
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6.1.3. Adsorption from Basic Solutions 
A similar study was made with various as-received carbons 
tested in 0.1M sodium carbonate solution. Table 6.6 shows that 
uranium sorption is negligible in these conditions. In a separate 
experiment with oxidized active carbon ,uranium adsorption 
from aqueous solution and an aqueous solution containing 
sodium hydroxide was studied. The pH of the sodium 
hydroxide solution was 12. Arrow in Fig 6.2. illustrates the 
decrease in adsorption with the addition of sodium hydroxide 
(no precipitation was observed). No uranium adsorption was 
observed, when as-received active carbons were tested under 
similar conditions. 
Table 6.6. Uranium adsorbed by adsorbents ( as received) 
from aqueous solution of sodium carbonate 
[Co = 3lmg/l m/V = 25mg/25ml ] 
!Adsorbent 
O.lM NazC03 
(pH 11.2) 
Type Fract. x/m 
Ads or. (mg/g) 
C2 0.0033 0.102 
C4 0.011 0.34 
C5 0.011 0.34 
C7 0.0106 0.33 
CS 0.0081 0.25 
XAD-4 0.0138 0.43 
XAD-7 0.0163 0.504 
--- ----------------------------------------------------------------
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il 
10 ~I 
:x;l 0 
5 '"l 
I 
0 I 
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pH or Initial Solution 
Fig.6.2. Influence of pH adjustment with sodium hydroxide on 
uranium adsorption. 
[C2(7N HN03) , Co = 43.50 mg/1 , mN = 25mg/25ml] 
6.1.4. Adsorption with Carbonised and Oxjdjsed 
Macroporous Adsorbent. XAD-4 
The polymeric resins provide an interesting raw material for 
producing active carbon. A cross linked polystyrene DVB 
macroporous polymer XAD-4 was carbonised in air to produce 
charcoal and then oxidized in concentrated nitric acid solution. 
Table 6.7 presents typical values of uranium uptake from 
aqueous solution. High uranium uptake indicates the potential 
of carbonized and oxidised polymers as active carbons. 
- -· --·------------------
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Table 6.7. Uranium adsorption by XAD-4 and carbonised and 
oxidised XAD-4 from aqueous solution. 
Adsorbent Initial Cone. x/m 
(_m_g/l) {mgfgl 
XAD-4 60 0.93 
XAD-4(Carb./Oxid.)* 60 29.70 
-
86 43.00 
• carbonised in air at 400 °C for 2.5hrs and oxidised in 
7N HN03 solution for 6.5hrs at 100°C. 
6.2. Equilibrium Adsorption 
Isotherms 
6.2.1. Adsorption from Aqueous Solution 
The study of adsorption of uranium from aqueous solution on 
oxidized and as-received active carbon is presented here. Data 
was obtained with the bromoPADAP method using UNICAM 
spectrophotometer. 
Fig 6.3 presents data points for equilibrium isotherm of 
different varieties of active carbons oxidised with 7N nitric acid 
under identical conditions. Isotherm is also presented for a 
weak acid ( carboxylic ) cationic ion exchanger, Amberlite 
IRC-50. Data was fitted with the Freundlich equation and 
Fig.6.4 shows the fit. In Fig. 6.5 , isotherms are replotted using 
the Freundlich equation. It can be seen from the Fig.6.5 that 
the cation exchanger(Amberlite IRC-50) performs better than 
active carbons. The Freundlich fit seems to give similar values 
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of K and n for the active carbons, except for C6(7N HN03) which 
has a lower K value but a higher slope. C2, C4 and C6 are shell 
based carbons whist C7 is wood based Carbon. C7 has a wider 
pore size distribution than .C2, C4 and C6. The latter are 
predominantly microporous ( see Chapter 8 ). 
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o C6(HN03) 
+ C2(HN03) 
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Fig.6.3. Equilibrium isotherm for uranium adsorption from 
aqueous solution with oxidized active carbons . 
[m/v = 25mg/25ml] 
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• IRC-50 
D C4(7NHN03) 
e C7(7N HN03) 
o C6(7N HN03) 
+ C2(7NHN03) 
2.0 2.5 3.0 
Fig.6.4. Freundlich plot of data for isotherms of uranium 
adsorption from aqueous solution with oxidized active 
carbons. 
IRC(50) ; x/m = 43.65 Ce0.37 , C4(7N HN03); x/m = 22.03 Ce0.435 
C6(7N HN03); x/m = 15.89 Ce0.48,C7(7N HN03); x/m = 20.73 Ce 0.432 
C2(7N HN03); x/m = 19.50 Ce0.396 
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• Amberlite IRC(50) 
c C4(7NHN03) 
e C7(7N HN03) 
o C6(7N HN03) 
+ C2(7NHN03) 
200 240 280 
Fig 6.5. Uranium equilibrium adsorption isotherms replotted 
from Freundlich fits shown in Fig 6.4 [mN = 25mg/25ml] 
The equilibrium adsorption isotherms of uranium from 
aqueous solution with as-received carbons are given in Fig 6.6. 
Freundlich plots of these isotherms are drawn in Fig.6.7 . 
The values Freundlich constants K and n obtained by. fitting the 
equilibrium data of uranium adsorption with as-received and 
oxidised active carbons are compared in Table 6.8. By 
comparison of K values it is clear that oxidation of as-received 
active carbons with concentrated nitric acid has increased the 
uranium adsorption capacity by a factor of five to seven times. 
- - -- -- - -- --- - ------------------ --' 
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Fig.6.6. Uranium adsorption isotherms from aqueous solution 
with as-received active carbons ( mN = 25mg/25ml ). 
1.8 
1.6 
Ei 1.4 
.... 
.. 1.2 
Q 
~ 
1.0 
0.8 
0.6 
1.0 1.2 1.4 1.6 1.8 
Log Ce 
2.0 2.2 
c C4 
• C7 
+ C2 
o C6 
Fig.6.7. Freundlich plot of isotherms of uranium adsorption 
from aqueous solution with as received carbons 
C4; x/m = 2.93 Ce0.545 , C7; x/m = 3.31 Ce0.514 
C2 ; x/m = 3.77 ce0.36 , C6; x/m = 1.84 ce0.46 
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Table 6.8. Comparison of K and n vales of Freundlich equation 
for oxidized and as-received active carbons of 
adsorption from aqueous solution. 
Active Oxidized* As-Received 
Carbon Active Carbons Active Carbons 
Type K n K n 
C2 19.50 0.396 3.77 0.36 
C4 22.03 0.435 2.93 0.545 
C6 15.89 0.48 1.84 0.46 
C7 20.73 0.432 3.31 0.514 
* oxidized in 7N HN03 
6.2.2. Adsorption from dilute Nitric Acid 
Solutions 
Experiments were also carried out to study equilibrium 
uranium adsorption by oxidized active carbons from dilute 
nitric acid solution. Fig.6.8 shows the isotherms for active 
carbons which have been oxidised at three different nitric acid 
concentration solutions i.e 5N HN03 , 7N HN03 and 9N HN03. 
Fig.6.8 shows that uranium uptake has increased as the active 
carbons are oxidized in more concentrated nitric acid solution. 
A Freundlich plot of these isotherms is given in Fig.6.9. 
In another set of experiments, uranium equilibrium adsorption 
with oxidized active carbon [C6(7N HN03] and as-received 
active carbon(C6) was compared both in dilute nitric acid 
solution and aqueous solution. The adsorption of uranium from 
aqueous solution with C6 and C6(7N HN03) is compared in 
Fig.6.10 and from dilute nitric acid solution in Fig.6.11. 
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Equilibrium isotherms of uranium obtained with C6(7N HN03) 
from aqueous solution and dilute nitric acid solution are given 
in Fig.6.12. Similar isotherms with C6 are given in Fig.6.13. The 
Freundlich plot of these isotherms is given in Fig.6.14. 
It is to be noted that the m/V ratio is not the same in these 
adsorption isotherms . In order to get a reasonable change in 
concentration after adsorption a higher m/V ratios is used for 
uranium adsorption from acidic solutions. 
The data illustrates that oxidation of active carbon significantly 
increase uranium adsorption both from near-neutral and dilute 
acidic solutions. 
50 
40 
~ 30 .. 
-.. E 
-E 20 
-.. 
10 
0 
0 50 100 
Ce(mg/1)) 
!50 200 
D C2(9N HN03) 
• C2(7N HN03) 
o C2(5N HN03) 
Fig 6.8. Uranium adsorption isotherm from 0.012N HN03 solution 
with C2(5N HN03) , C2(7N HN03) and C2(9N HN03) . 
[m/V= 50mg/25ml] 
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1.4 
E 1.2 
-
.. 
D C2(9N HN03) 
x/m = 5.64 Ce"'.45 
.. 
0 1.0 
..I • C2(7N HN03) 
x/m = 3.31 CeA0.48 
0.8 
0 C2(5N HN03) 
0.6 x/m = 2.95 CeA0.45 
0.4 
0.0 0.5 1.0 1.5 2.0 2.5 
Log Ce 
Fig 6.9. Freundlich plot of uranium adsorption isotherm from 
0.012N HN03 solution with C2(5N HN03), C2(7N HN03) and 
C2(9N HN03) • 
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• C6 
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m/V = 150mg/25ml 
Fig 6.10. Adsorption isotherms of uranium from aqueous 
solution with C6(7N HN03) and C6 active carbons 
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Fig.6.11. Adsorption isotherms of uranium .from 0.06N HN03 
solution with C6(7N HN03) and C6 active carbons. 
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m/V=I50mg/25ml 
Fig.6.12. Adsorption isotherms of uranium from aqueous 
solution and 0.06N HN03 solution with C6(7N HN03) 
active carbon. 
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Fig.6.13. Adsorption isotherms of uranium from aqueous 
solution and 0.06N HN03 solution with C6 active carbon 
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Fig.6.14. Freundlich fit of uranium adsorption isotherms from 
aqueous solution and 0.06N nitric acid solution with 
C6 and C6(7N HN03) . 
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6.2.3. Effect of Mass of Adsorbent; Solution 
volume Ratio (m/Yl on Equilibrium Batch 
Adsorption 
The effect of m/V ratio (or adsorbent concentration in a batch) 
on equilibrium uranium adsorption is given in Table 6.9. The 
same starting uranium concentrations of 200, 100 , 50 and 
20mg/l were employed at two m/V ratios i.e. 50 mg/25 ml and 
150 mg/ 25 ml. 
Table.6.9 shows that for the same starting uranium solution 
concentration , an increase in m/V ratio has increased the 
fraction of uranium adsorbed but amount of uranium adsorbed 
per unit mass of active carbon, in fact , has decreased. At 
higher initial uranium solution concentration, x/m valves seem 
to converge. Equilibrium isotherm at these two m/V values is 
given in Fig.6.15. 
Table 6.9. Effect of m/V ratio on uranium adsorption. 
Co(mg/1) mN = 50 mg/25 ml mN = 150 mg/25 ml 
Ce Frac. x/m Ce Frac. x/m 
(mg/1) Adsorb. (mg/g) (mg/1) Adsorb. (mg/g) 
20 6.8 0.657 6.6 1.29 0.935 3.12 
50 23.3 0.534 13.35 3.90 0.922 7.68 
lOO 64.4 0.354 17.70 10.45 0.895 14.92 
200 145.42 0.273 27.30 39.54 0.802 26.74 
----------------------------------------------------------------------
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D m/V = 150mg/25ml 
o m!Y = 50mg/25ml 
75 !00 125 !50 175 
Ce(mg/1) 
Fig.6.15. Effect of mN ratio on x/m of uranium against 
equilibrium concentration. 
[ C2(5N HN03) in 0.0!2N HN03 solution] 
6.3. Kinetics of Batch Adsorption 
The kinetics of uranium adsorption with oxidised active 
carbons in aqueous and dilute nitric acid solution was studied. 
The detail procedure and apparatus used in the study of kinetic 
of batch adsorption are described in Chapter 4 Section 4.3.2. 
The study was performed in a finite bath of uranium solution 
containing a known amount of active carbon . Samples were 
taken out at different intervals during the course of adsorption 
and analysed. Fig.6.16 and Fig.6.17 present kinetic curves with 
oxidised active carbons in aqueous solution and dilute nitric 
acid solution respectively. The kinetic curves are drawn by 
plotting the uranium fraction adsorbed against time. 
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Kinetic cu·rves indicates that a large fraction of ·the total 
uranium is adsorbed in about 4 hrs. However, further uranium 
adsorption continues over a long period of time (about 20 hrs). 
This slow adsorption is explained by the diffusion of molecules 
into the micropores of the active carbon. 
1.0 ~-------------------------------r1 
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Fig.6.16. Kinetic curve of uranium batch adsorption from 
aqueous solution with C6(7N HN03). 
[ mN = 500mg/500ml ; Co = 50mg/l U in aqueous solution] 
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Fig.6.17. Kinetic curve of uranium batch adsorption from dilute 
nitric acid solution with C6(7N HN03) of two particle 
sizes. 
[rnN = 1000mg/500ml; Co = SOmg/1 U in 0.012N HN03 solution] 
6.4. Column Adsorption 
A Column adsorption experiment was done to study the 
breakthrough behaviour of uranium adsorption with oxidised 
active carbon bed from dilute nitric acid solution. The break 
through curve is given in Fig.6.18 along with other conditions 
of the experiment. The apparatus and procedure used in the 
experiment are given in Chapter 4 , Section 4.3.3. 
The shape of the breakthrough curve is quite typical. The 
breakthrough capacity of the bed was 25 mg of U/ g of AC. 
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Fig.6.18. Uranium breakthrough curve from dilute mtnc acid 
solution with a bed of oxidized active carbon 
C6(7N HN03, 355-125~m) 
Solution: 50mg/l U in 0.012N HN03, 
Flow rate : 0.48 - 0.2 ml/min 
Column: 1 cm dia , Bed height : 7.75 cm 
Wt of active carbon: 3.2 g , 
Breakthrough capacity: 25mg/g 
6.5. Discussion 
Uranium adsorption from an acidic buffer solutions (citric acid 
and sodium citrate) is described in Section 6.1.1 and the data 
shows that uranium is adsorbed on both as-received and 
oxidized active carbons. The oxidation of C2 with HN03 and 
H2S04 did not seem to effect uranium adsorption from buffered 
solution while oxidation of C4 with HN03 significantly reduced 
the uranium uptake( Table 6.2 ). The increase in uranium 
adsorption in the presence of sodium acetate (Table 6.3) 
suggests that complexes of citrate or acetate of uranium are 
responsible for adsorption. Uranium complexes with acetate or 
oxalate of the form [U02(CH3C00)3]· , [U02(C204)3]4- have been 
--- --------------------------------------------------------------------
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identified(l,2). There is no simple explanation of the adsorption 
of these complexes on active carbon. Active carbons do possess 
basic functional groups [ref.(3) and Chapter 1, Section1.3.4] and 
anionic exchange with these functional groups is possible. 
There is, however, little information available in the literature 
on the exact nature and dissociation of these basic functional 
groups.It is likely that basic groups are responsible for the 
adsorption of uranium complexes from buffer solutions. The 
oxidation of active carbons seems to decrease the number of 
basic groups on active carbon and the uranium capacity, 
therefore , decreases. 
The complexation of uranium in aqueous solution with organic 
ligands and the subsequent adsorption onto active carbons has 
considerable interest. Uranium has been concentrated by this 
method in some analytical applications(4). We also treated 
active carbons in sodium acetate solution and subsequently 
tested for uranium adsorption from aqueous. solution. A 
capacity of 15 mg/g was obtained at 80 mg/1 
(m!V=50mg/25ml) which is somewhat less than shown in 
Table 6.3. 
It is relevant to note that adsorption of gold from cyanide 
liquors on active carbons involves a negative complex , 
Au(CN)z- and the adsorption takes place at wide pH range .. 
Various mechanisms have been proposed and there is 
uncertainty whether the gold cyanide complex undergoes a 
chemical change before adsorbing on active carbon. Bansal et 
al.(3) and MacDougal et a1.(5) have discussed these 
mechanisms. 
The adsorption of uranium with active carbon from aqueous 
solutions can be discussed in three categories; 
(i) Where uranium is present in salt form in aqueous solution 
i.e no added acid or base and in the absence of complexing 
reagents. 
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(ii) where uranium is present in acidic solutions 
(iii) Where uranium is present in basic solutions. 
(i) Aqueous uranium solutions gives different pH values 
depending on the amount of uranium salt [U02(N03).6H20] 
present. 
distilled water pH 6 
50 mg/1 uranium ; pH 4.4 
100 mg/1 uranium; pH 4.23 
500 mg/1 uranium; pH 3.72 
1000 mg/1 uranium; pH 3.58 
This indicates that uranium is hydrolysed in aqueous solution, 
releasing H+ ions into the solution. 
The existence of several hydrolysed polymer forms have been 
identified (1,6,7); 
- U022+ 
- [(U02)(0H)2]2+ (dimer) 
- [(U02)3(0H)sJ+ (trimer) 
Fig.6.1 shows how a decrease in pH by the addition of different 
acids significantly reduces uranium uptake. This drop in 
uranium uptake is also dependent on the nature of the acid 
present in the solution. 
Uranium adsorption from aqueous solution at about 4-5 pH 
may involve cationic exchange of hydrolysed uranium species 
with the acidic functional groups of active carbon. The presence 
of carboxylic acid groups on oxidized active carbons has been 
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proposed and these groups have a pK value of 4 -5 ( see 
Section 1.3.4 and 1.6). These groups are likely to be responsible 
for uranium adsorption from aqueous solution. 
The drop in uranium uptake occurs as acids are added to the 
solution and pH is lowered. The adsorption at the pH of 1-2 (or 
lower ) may still be due to the some other acidic functional 
groups. Although acidic groups stronger than carboxyl are not 
generally thought to exists, the experimental data of 
Sranzhesko et al. (8) has shown the existence of some strong 
acidic groups on oxidized active carbons that exchange cations 
at pH 1-2 and even lower. 
The adsorption of uranium on as-received active carbons is 
higher in the presence of acetic acid (Table 6.4 and 6.5). On the 
other hand, adsorption on oxidized active carbon decreases as 
acetic acid is added to the aqueous solution (Fig.6.1). This 
observation is the same as noted with buffer solution. It is 
suggested that basic groups on as-received active carbons are 
responsible for uranium adsorption in the form of an acetate 
complex. 
The nature of the uranium complex occurring with different 
mineral acids present in aqueous solution also plays an 
important part in uranium adsorption. Uranium in nitric acid 
solution exists as a neutral compound , UOz(HN03)2 , while in 
sulphuric acid solutions a negative complex, UOz( S 04)-2 is 
formed. These complexes seem to show little affinity for active 
carbons. 
The data in Section 6.2.1 indicates that active carbons oxidized 
with HN03 have significantly higher uranium uptakes than a-
received samples. There is considerable evidence( see Section 
1.3.4) to suggest that treatment of active carbon in an oxidative 
solution produces acidic functional groups on carbon surfaces 
and that the carboxyl group is most likely. As-received active 
carbons already have a variety of acidic functional groups.(see 
Section 1.3.4 ) and they are mainly produced during the 
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activation process(Section 1.3.1 and 1.3.2). Thus, oxidative 
treatment further increases the cationic exchange capacity of 
active carbons. These functional groups result from the 
oxidation of the carbons present at the edges of the broken 
graphitic rings.(Section 1.4 ). The adsorption of uranium with a 
cation exchanger of carboxylic type is given for comparison 
with oxidized active carbons in Fig.6.5 and it performs better 
under these conditions. This tends to confirm that carboxylic 
functional groups. are largely responsible for the adsorption of 
uranium from aqueous solution. 
A decrease in pH of the solution was observed as the uranium 
is adsorbed and this decrease was related to the amount of 
uranium adsorbed ; the greater the uptake , the higher the pH 
change. The maximum change we observed was with data 
given in Table 6.7 for carbonized and oxidized XAD-4 , where 
the pH decreased from 4.23 to 3.00.(at Co = 60 mg/1). This also 
suggests that the uranium cationic species in aqueous solution 
are exchanged with H+ ions. The releases of hydrogen ions into 
aqueous solution decreases pH of the solution. 
Table 6.8 compares the K and n values of the Freundlich plot 
for as-received active carbons and oxidized active carbons. The 
typical uranium uptake values of uranium from aqueous 
solution with oxidised active carbons are 100-125 mg/g and 
with as-received about 12-20 mg/g 
(ii) The adsorption of uranium from dilute nitric acid is given in 
Section 6.2.2 where uranium equilibrium adsorption with 
oxidized active carbon [C6(7N HN03) and as-received active 
carbon(C6) are compared both in dilute nitric acid· solution and 
aqueous solution. When the pH is 1 or even lower , adsorption 
may be partly due to the dissociation of some carboxylic 
functional groups. However, the data indicates that acidic 
groups stronger than carboxylic are present on active carbons 
and these can dissociate at pH values of 1 or lower. The 
literature on the oxidation of active carbons with HN03 is 
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scarce, but the work of Sranzhesko et al.(8) suggests the 
presence of acidic functional groups which dissociate at pH 1 or 
below. 
(iii) Fig.6.2 shows that the adsorption of uranium with oxidized 
active carbon decreases in basic solution. Though no 
precipitates were observed at pH 12 , the presence of colloidal 
particles cannot be ruled out and active carbons may show 
little affinity for colloidal species at this pH values. This area is 
not further investigated since we concentrated on acidic 
solutions of uranium. 
The effect of m/V(mass of adsorbent/solution volume) ratio on 
uranium adsorption is studied in section 6.2.3. For the same 
starting uranium concentration, the fraction of uranium 
adsorbed increases as the m/V is increased but the uranium 
adsorbed per unit weight of dry adsorbent (x/m) has 
decreased. Also x/m value is greater for the higher m/V ratio 
at the same equilibrium concentration. A similar observation is 
reported by Taskaev and Apostolov(9). This seems to suggest 
that apart from an ion exchange mechanism ·, uranium uptake 
can also occur by a sorption mechanism which is not 
stoichiometric and which depends largely on the carbon surface 
area available. This is supported by the fact that kinetic curves 
of smaller size particles have greater equilibrium uptake than · 
larger size fractions ( Section 6.3). 
The kinetics of uranium adsorption with oxidised active 
carbons in aqueous and dilute nitric acid solution is discused in 
Section 6.3. Kinetic curves indicate that some uranium is 
rapidly adsorbed as the active carbon is mixed with the 
uranium solution. Further uranium adsorption is slow. Though 
most of the uranium is taken up in 4 hours , equilibrium 
uranium adsorption requires more than 20 hrs. 
The pore characterization of shell based ( i.e. C2 and C6) 
oxidized active carbons with nitrogen shows a typical Type I 
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isotherm behaviour ( see Chapter 8 , Section 8.1.2) which is 
typical of microporous adsorbents. The· adsorption on these 
adsorbents is invariably controlled by diffusional processes. 
Uranium concentration does decrease in the very first sample 
analysed after I min , suggesting a surface effect , nevertheless 
it seems that the overall adsorption rate is controlled by the 
diffusional resistance in the micropores ( see also discussion in 
Section 8.1.2 ). The high surface area of active carbon is due to 
its microporous structure and it occurs at the expense of slow 
adsorption rates. Therefore, the use of active carbon is often a 
compromise between the conflicting requirements of high 
capacity and rapid kinetics. 
A breakthrough curve for uranium adsorption from dilute 
nitric acid solution of 50 mg/1 uranium on oxidized active 
carbon is given in Fig.6.18 ( a 1 cm diameter column was used 
in the study in order to handle a small number of sample 
limited by the capacity of fraction collector). A breakthrough 
capacity of 25 mg/g uranium was observed and breakthrough 
curve was typical S-shape. 
Another point requiring discussion is the production of 
"reproducible active carbon surfaces" .in relation to the 
chemical properties. This topic was briefly mentioned in 
Chapter 1 (Section 1.3.1). Mattson et al.(lO) has also discussed 
it in the opening chapter of his book. The active carbon surface 
is very complex and it is virtually impossible to develop a 
method which ensures a reproducible active carbon surface. 
In the nitric acid oxidation process, the temperature variation 
was +/-5 oc. We did not quench the reaction after oxidation 
period but waited for the solution to cool down before 
separating active carbons. Also, the fact that charcoals oxidize 
even at ordinary temperature , make it impossible to produce 
an identical carbon surface and an entirely reproducible batch 
of modified active carbon. 
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In conclusion , the application of active carbon to remove 
uranium from near-neutral and acidic aqueous solution has 
been successfully demonstrated. Commercial as-received active 
carbons adsorbed uranium effectively from near neutral 
aqueous solution and nitric acid oxidized AC gave satisfactory 
performance from dilute acidic solutions. Equilibrium , kinetic 
and column data give a basic understanding of the process and 
provide the background for the further development in this 
process. 
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Chapter 7 
Adsorption of Uranium 
from Concentrated Acid 
Solution 
Uranium adsorption from concentrated acid solution with TBP-
impregnated active carbons is described in this chapter . The 
TBP impregnation procedure and the terminology used for 
impregnated active carbons are described in Chapter 4 , 
Section 4.2.2.Batch equilibrium,kinetic and column experiments 
were performed. Most of the work was performed in 3N nitric 
acid solutions with impregnated active carbon varieties of C6. 
This nitric acid concentration was chosen since it is a typical 
value used for uranium extraction in the nuclear industry. 
Results are discussed at the end of this chapter. 
7 .1. Single Point Batch Experiments 
A large number of equilibrium batch tests were carried to 
study uranium adsorption with TBP-impregnated active 
carbons [impregnated.AC] . Early attempts to evaluate the 
uptake of uranium from 3N HN03 with impregnated AC were 
- - --- --------~~--~~~~~~~~~~~~~~~~~~~~~-
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not successful because we used lower m/v ratios of 1 or 2 
(25mg/25ml or 50 mg/25ml). We were not able to observe 
any change in uranium solution concentration after batch 
equilibration with this small m/V ratio using either delayed 
neutron counting or BromoPADAP.method. 
7 .1.1. Uranium Analysis Direct on Actiye Carbon 
Table 7.1 gives typical values of uranium uptake values 
obtained in earlier work with as-received AC and impregnated 
AC varieties using a relatively -high value of m/v 
(200mg/50ml). The uranium was determined directly on the 
solid phase by delayed neutron counting technique. 
Table 7.1. Uranium adsorption by AC's(Impregnated) and 
AC(as-received) from 3N HN03 solution. 
[ Co = 51 Jlg/ml in 3N HN03 ; m/v = 200 mg/50 ml] 
IAC's(impreg)* !Jt/m(~g/g) f\,C's(as-recei) x/m(Jlg/g) 
C2(TBP/Et0H) 860.90 C2 155.55 
C6(TBP /EtO H) 1209.15 C6 210.00 
C7(TBP/EtOH) 139.35 C7 132.70 
* AC's(Impreg) were washed after lmpregnatton With EtOH. 
--· ----- ------------------------------------~-------------------
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7.1.2. Impre2nation with Different Solvents 
Uranium adsorption on impregnated active carbons which have 
been prepared from TBP present in different solvents have 
been studied. Table 7.2 gives the value of fraction of uranium 
adsorbed with each impregnated carbon. The volume ratio of 
TBP and solvent mixture was 25 ml /225 ml and 5 g of AC was 
present. 
Table 7.2. Uranium adsorption with active carbons 
impregnated in various solvents. 
[Co =50 IJ.g/ml in 3N HN03 ; m/v = 375 mg/25ml ] 
AC's(impregnated) Uranium Fraction 
Adsorbed 
C6(TBP/EtOH) 0.203 
C6(TBP/Kerosene) 0.128 
C6(TBP/Water) 0.243 
C6(TBP/Hexane) 0.22 
C6(TBP/CCI4) 0.13 
-----------------------------------------
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7.1.3. Imoregnation Process Parameters 
The effect of various parameters in the impregnation process 
on uranium adsorption was studied. An impregnation batch 
involves several parameters e.g extractant to solvent ratio , 
amount of AC, mixing time. The results presented in Table 7.3 
shows some general trends in uranium adsorption with a 
changes in the impregnation process. The impregnated AC 
samples were subsequently washed with ethyl alcohol. The 
procedure of preparing impregnated AC is given in Chapter 4 
Section 4.2.2. Also it is discussed in Chapter 3 Section 3.1.6 and 
3.4 . 
Table 7.3. Effect of impregnation process parameters on 
uranium adsorption 
C6(TBP/EtOH,600-355!!m) 
Co = 50 mg/1 in 3N HN03 
m/v = 500 mg/25ml 
a) Volume ratio of TBP and EtOH( TBP/EtOH) 
(5 gm C6 and 10 hrs stirring, Temp.22 oc) 
m! of TBP/ml of EtOH U Frac. Adsorbed 
25/225 0.24 
50/200 0.27 
75/175 0.30 
100/150 0.31 
Chapter 7 I 2 1 7 
B) Stirring period 
(5 gm C6 and 50 ml of TBP/200 ml of EtOH, Temp.22 oC) 
Stirring Time ~ Frac. Adsorbed 
(hrs) 
5 0.27 
10 0.272 
20 0.277 
C) Ratio of amount of carbon to volume of TBP/EtOH solution 
(5 gm C6 and 50 ml of TBP/200 ml of EtOH, Temp. 22 oC) 
g of C6/ml of Mixt. U Frac.Adsorbed 
5/250 0.27 
10/250 0.31 
7 .1.4. Effect of m I V Ratio on Uranium 
Adsorntion 
The effect of m/V ratio on uranium adsorption was studied in 
single batches. Four batches were prepared, each having the 
same concentration and volume of uranium solution but 
different amounts of impregnated active carbons were added. 
Fig.7.1 and Fig.7 .2 present the results of this experiment with 
two types of active carbon.i.e C6(TBP/Sp) and C9(TBP/Sp) 
respectively. 
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The results show that an increase in m/V increases the 
fractional uptake of uranium but the amount of uranium 
adsorbed per unit mass of impregnated carbon has decreased. 
It can also be seen from these that C9(TBP/Sp) has a higher 
uranium uptake than C6(TBP/Sp) for the same mN value. 
7 .2. Equilibrium Batch Isotherms 
Equilibrium batch studies were 
of TBP impregnated active 
solution. 
done to study the performance 
carbons in concentrated acid 
7.2.1. Impregnation with Undiluted 
and Diluted TBP 
In the early work absolute ethyl alcohol was used as solvent 
for tributyl phosphate. Later it was replaced by industrial 
methylated spirit , due to improved availability and lower cost. 
Fig.7.3 shows the equilibrium isotherms of uranium with active 
carbon, C6 , which has been impregnated with undiluted TBP, 
TBP in ethyl alcohol and TBP in methylated spirits( commonly 
called spirit). 
7 .2.2. Water as a Solvent for TBP 
Figure 7.5 presents isotherms obtained with active carbons 
impregnated in a mixture of TBP and water. Impregnation was 
done separately at two particle sizes of the same variety of 
carbon by the same procedure. TBP and water formed an 
emulsion and carbon particles agglomerated in the TBP phase 
during stirring. After impregnation the carbon particles were 
washed with methylated spirit to remove excess TBP. A 
Freundlich fit of these isotherms is given Fig. 7 .6. 
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Fig.7.3. Uranium adsorption isotherm with C6(TBP), 
C6(TBP/Sp.) and C6(TBP/EtOH) from 3N HN03 
[ mN = 375 mg/25ml ] 
0.75 
0.25 
E 
-.. 
-0.25 
.., 
c C6(TBP) 
x/m = 0.123 CeA0.78 
= 
...l 
• C6(TBP!Spirit) 
-0.75 x/m = 0.0773 CeA0.856 
o C6(TBP/Et0H) 
x/m = 0.062 CeA0.767 
-1.25 -1---.---.----.---.--.---,---.---..--..--+---------------' 
0.0 0.5 1.0 1.5 2.0 2.5 
Log Ce 
Fig.7.4. Freundlich plot of isotherms shown in Fig.7.3. 
--------------------------------------------------------------------
6 
5 
4 
~ 
.. 
-.. 3 E 
~ 
E 
- 2 .. 
I 
0 
0 50 100 150 200 
Ce(mg/1) 
Chapter 7 I 221 
o C6(TBP/1120, 
355-125~m) 
• C«TBP/1120, 855-600~m) 
250 300 
Fig.7.5. Uranium adsorption isotherms with active carbons 
impregnated from TBP and H20 mixture. 
[ mN = 375 mg I 25ml.] 
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7 .2.3. Impregnation of As-receiyed and Nitric 
Acid Oxidized Active Carbon 
Equilibrium isotherms were also drawn for impregnated C6 and 
C6(7N HN03). Fig. 7.7 presents the isotherms which have been 
obtained from the Freundlich fit. The oxidation of active carbon 
with nitric acid does not seem to increase the TBP uptake on 
active carbon. 
5,----------------------------, 
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0 50 100 
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c C6(1'BP/Sp) 
x/m=0.0856 CeA0.783 
o C6(7N HN03,TBP/Sp) 
x/m=0.0233 CeA0.794 
200 
Fig.7.7. Uranium adsorption isotherms with impregnated 
carbons produced from as-received and oxidized active 
carbons (drawn from Freundlich fit of the data). 
[ mN = 375 mg/25 ml] , 
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7 .2.4. Effect of Nitric Acid Concentration on 
Adsorption 
Equilibrium experiments were performed to see the effect of 
nitric acid concentration on uranium adsorption with 
impregnated active carbon. The nitric acid concentrations were 
IN, 3N and 5N. Fig.7.8 and Fig.7.10 give a plot of uranium 
isotherms and distribution coefficients against equilibrium 
concentration respectively. These results seem to follow the 
solvent extraction data of uranium with TBP. The Freundlich fit 
of the isotherm is given in Fig. 7.9. 
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Fig.7.8. Uranium adsorption from 5N, 3N and IN nitric acid 
solution with impregnated carbon C6(TBP/Sp) 
[ mN = 500 mg/25ml , size ; 600-3551J.m ] 
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7 .2.5. Different Size Fraction of Impregnated AC 
Figure 7.11 presents the isotherms for three different particle 
sizes of impregnated active carbon. The impregnation was done 
on a larger particle size (1.7 - 0.85 mm) of active carbon C6, 
the smaller size fractions were produced by grinding the larger 
TBP impregnated carbon particles. The impregnated active 
carbons were C6(TBP/Sp,600-355Jlm), C6(TBP/Sp,355-125Jlm) 
and C6(TBP /Sp, < 12 5Jlm). These isotherms show different 
uranium uptake at each size range particularly at high uranium 
concentrations. Fig.7.12 gives the Freundlich fit of these curves. 
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Fig. 7 .11. Uranium adsorption with impregnated active 
carbons of three different particle size ranges 
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3.0 
a x/m=0.065 Ce"'.882 
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Fig.7.12. Freundlich plot of curves in Fig.7.11. 
7.2.6. Washed and Unwashed Impre~mated AC 
An investigation was made of the washing effect on uranium 
adsorption ( see also Section 3.1.6, 3.4 and 4.2.2 ). About 5 gm 
of unwashed impregnated carbon was taken on a funnel and 
washed with 50 m! of methylated spirit. Isotherms were 
obtained for this washed impregnated active carbon along with 
unwashed impregnated active carbon and as-received active 
carbon. Fig. 7.13 presents isotherms obtained with these 
carbons and the Freundlich plots of these isotherms are given 
in Fig. 7 .14. The isotherms indicate that uranium adsorption is 
lower on washed sample particularly at high uranium 
concentration but adsorption is still greater than as-received 
active carbon. 
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Fig.7.13. Uranium adsorption with C6(a.s received) , 
C6(TBP/Sp., washed), and C6(TBP/Sp., unwashed) 
from 3N HN03 solution. [ mN = 500 mg/25 ml]. 
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Fig. 7 .14. Freundlich plots of isotherms shown in Fig. 7.13 
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7 .2. 7. Wood Based Impregnated Actiye Carbon 
Work reported so far was with C6 which is a shell based active 
carbon with a predominantly microporous structure (see 
Chapter 8 Section 8.1.2). The impregnation of a wood based 
active carbon, C9, was also studied. Wood based active carbons 
possess a wider pore size distribution than shell based. 
Impregnation of C9 active carbon was done on large particle 
size (about 1.19 mm - 850 ).lm) and subsequently sized into 
smaller size fractions. Fig.7.15 shows the equilibrium isotherms 
with particle size ranges of 600-355).lm and 355-125).lm. The 
Freundlich plots are given in Fig.7 .16. These impregnated 
carbons show a greater uranium capacity than the C6 coconut 
shell variety. 
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Fig.7.15. Uranium adsorption with C9(TBP/Sp) of two particle 
sizes from 3N HN03 solution( produced from same 
impregnation batch [ m/V = 500 mg/25ml J 
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Fig.7.16. Freundlich plots of isotherms presented in Fig.7.15. 
7 .2.8. Comparison of Shell and Wood Based AC 
and macroporous adsorbent. 
A comparison was made of the isotherms of impregnated 
adsorbents prepared from three different starting materials i.e 
shell based active carbon (C6) , wood based active carbon(C9) 
and macroporous polymeric adsorbent (XAD-4). Fig.7.17 shows 
the isotherms with C6(TBP/Sp), C9(TBP/Sp) and XAD-
4(TBP/Sp) and Fig.7.18 presents the Freundlich plots. It can be 
seen that C9(TBP/Sp) shows higher uranium uptake than other 
adsorbents. 
6 
5 
4 
~ 
Cl) 
-
Cl) 
E 3 
-
E 
-
2 
" 
I 
0 
0 50 100 !50 
Ce (mg/1) 
Chapter 7 /23 0 
200 
• C9(fBP/Sp) 
o C6(fBP/Sp) 
A XAD-4(fBP/Sp) 
Fig. 7.17. Uranium adsorption with impregnated shell 
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based(C6) and wood based (C9) active carbons and 
impregnated macroporous polymeric adsorbent,XAD-4 
from 3N HN03 solution [ mN = 500 mg/25 mll . 
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Fig.7 .18. Freundlich fits of isotherms shown in Fig.7 .17 
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7 .3. Kinetics of Batch Adsorption 
The procedure and apparatus used in the study of batch 
adsorption of uranium is described in Chapter 4, Section 4.3.2. 
The kinetic curves were drawn by determining the change in 
concentration during the course of adsorption in a finite batch 
of uranium solution and impregnated active carbon. 
The rate of uranium adsorption was studied in the following 
cases; 
(i) with impregnated coconut shell based active carbons (C6) of 
two particle sizes produced by two procedures; 
(a) Larger particles(1.7 -0.85 mm) were impregnated and 
then sized into two smaller fractions. 
(b) Two size fractions were impregnated separately by the 
same procedure. 
(ii) with impregnated wood based active carbons (C9) of two 
particle sizes produced by procedure(a) 
(iii) comparison of impregnated C6 and C9 
(iv) at two different uranium concentrations with 
impregnated C6 
(i)a - Fig.7.19 shows a plot of fraction of uranium adsorbed 
against time for C6(TBP/Sp, 355-l25J.!m) and C6(TBP/Sp,I000-
855J.!m). The slow adsorption rate of uranium suggests the 
diffusion of uranium into the pore structure of the impregnated 
active carbon. 
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(i)b - Kinetic curves of two different sizes of impregnated 
active carbons i.e. C6(TBP/Sp,600-3551J.m) and C6(TBP/Sp,355-
125)lm), which had been impregnated separately but by the 
same procedure are shown in Fig. 7 .20. The rate of uptake is 
faster at smaller particle size. 
(ii)a - The rate of uranium adsorption was studied with 
impregnated wood based active carbon, C9 at two particle sizes 
produced by method (a), Fig.7.21 presents the adsorption rate 
of uranium with two different particle sizes of wood based 
impregnated carbon, C9 i.e. C9(TBP/Sp, 855-6001J.m) and 
C9(TBP/Sp,355-l25JJ.m). The kinetics of adsorption with these 
carbons is comparatively fast though the data still indicate a 
slow diffusional transport mechanism. 
(iii) The adsorption kinetics of coconut shell based and wood 
based impregnated active carbon, C6(TBP/Sp, 355-l25JJ.m) and 
C9(TBP/Sp,355-125)lm) are compared in Fig.7.22. The wood 
based active carbon, C9(TBP/Sp,355-125)lm) shows faster 
kinetics than the coconut shell based active carbon, C6(TBP/Sp, 
355-125)lm). 
(iv) The effect of initial uranium concentration on kinetics of 
uranium adsorption on impregnated AC is shown in Fig.7.23. 
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Fig.7.19. Uranium adsorption rate on C6 impregnated carbon of 
two particle sizes (same impregnation batch). 
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Fig.7.20. Uranium adsorption rate on C6 impregnated carbon of 
two particle sizes(different impregnation batch). 
[Uranium soln.; 100 mg/1 in 3N HN03• mN = 10 g/500 ml] 
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Fig. 7 .21. Uranium adsorption rate on C9 impregnated carbon of 
two particle sizes(same impregnation batch). 
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Fig.7.22. Uranium adsorption rate on C9 and C6 impregnated 
carbon (same impregnation batch). . 
[Uranium soln.; 50 mg/1 in 3N HN03, m/V = 10 g/500 ml) 
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0 100rng/1 uranium 
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Fig.7.23. Kinetic of uranium adsorption with impregnated 
active carbon , C6(TBP/sp,355-125J.Lm) at two 
uranium initial concentrations.[ m/v = 10 g/500 ml ] 
(Impregnated carbons were prepared in different 
batches). 
7 .4. Column Studies 
Several experiments were carried out to study the 
breakthrough behaviour of uranium. Initial studies were 
performed with small chromatographic column of l cm 
diameter but later columns of 1.27 cm and 1.8 cm. diameter 
column were used. Results of these experiments are presented 
here and discussed in next section. The apparatus set-up used 
to study column breakthrough is given in Chapter 4 Section 
4.3.3. 
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7 .4.1. 1 cm dia Column 
Fig. 7.24 shows breakthrough curves obtained with 
impregnated active carbon which had been treated in 
undiluted TBP while Fig.7.25 gives a breakthrough curve of 
uranium in a column of impregnated carbon from a TBP and 
water mixture, C6(TBPIH20,355-125J!m). Uranium loaded 
C6(TBP/H20,355-125)!m) was then washed with 3N HN03 and 
then eluted with O.OIN HN03 and Fig 7.26 shows the 
corresponding elution curve obtained. 
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Fig.7.24. Uranium breakthrough curve with impregnated active 
carbon, C6(TBP, 600-355)!m) 
Uranium Sol; SO mg/1 in 3N HN03 , Wt of impregnated AC ; 4.7g 
Bed Ht ; 9.3 cm, Column dia.; 1 cm, Mean flow rate; 0.4 ml/min. 
Breakthrough capacity at 5% of Co = 0.900 mg U 
Total capacity at 92% Co = 3.765 mg U 
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Fig. 7 .25. Uranium breakthrough curve with impregnated active 
carbon,C6(TBP/H20 , 355-125!1m). 
Uranium Solo. ; 50 mg/1 in 3N HN03 . 
Wt of impregnated AC ; 3.42 , Bed Ht ; 9.3 cm, Column dia ; !cm 
Mean flow rate; 0.56 ml/min. 
Breakthrough capacity at 3.3% of Co ; 1.067 mg U 
Total Capacity at 95% of Co = 3.665.5 mg 
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Fig.7.26. Uranium elution from bed shown in Fig.7.25. 
Eluent; O.OIN HN03 , Mean flow rate; 0.47 ml/min. 
Uranium eluted ; 0.623 mg 
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7 .4.2. 1.27 cm dia Column 
As-receiyed and impregnated actiye carbons 
Fig. 7.27 shows the breakthrough curve obtained with as-
received AC in a 1.27 cm dia column .. The presence of uranium 
was observed in the first ·effluent sample analysed. The 
uranium breakthrough curve with impregnated active carbon, 
C6(TBP/Sp.) is shown ip Fig.7.28. These breakthrough curves 
are compared in Fig. 7 .29. 
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Fig.7.27. Uranium breakthrough curve with C6 active carbon. 
Uranium Solution; 50 mg/l in 3N HN03 . Weight of AC ; 9.8 g 
Column diameter; 1.27 cm . Bed height ; 14.44 cm, 
Mean flow rate; 0.4 ml/min. 
Breakthrough capacity at 4.5% of Co ; 0.375 mg 
Total capacity at 97.5 % Co ; 2.124 mg 
- - - - - -- - - - -- -- -----------------------
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Fig.7 .28. Uranium breakthrough curve with impregnated 
active carbon, C6(TBP/Sp,600-355J.l m) 
0 
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Uranium Solution; 50 mg/1 in 3N HN03 . Weight of AC ; 9.8 g 
Column diameter; 1.27 cm . Bed height ; 13.36 cm, 
Mean flow rate; 0.4 ml/min. 
Breakthrough capacity at 4% of Co ; 3.425 mg 
Total capacity at 72% of Co ; 6.666 mg 
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Fig.7.29. Uranium breakthrough curves with beds contammg as 
received and impregnated active carbons. 
C6 ; conditions as in Fig.7.27 
C6(TBP/Sp) ; conditions as in Fig.7.28 
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Larger particle size carbon 
A column experiment was planned to study uranium 
breakthrough with a relatively larger particle size carbon. Due 
to the failure of the fraction collector during the run, we could 
not draw the complete concentration profile. Fig.7.30 shows the 
uranium concentration near to the break point. No further 
samples were collected. Then bed was washed with 3N HN03 
and later uranium eluted with 0.012N HN03. Fig. 7.31 presents 
the uranium elution curve. 
1.0 
0.8. 
0 
0.6. 
u 
-u 0.4 
0.2 
0.0 
• • • 
0 20 40 60 80 !00 
Effluent Volume(ml) 
Fig. 7 .30. Uranium break point with impregnated carbon, 
C6(TBP/Sp,855-600 Jl m) 
Wt of carbon ; 8.8 gm , Uranium solution ; 50 mg/1 in 3N HN03 
column dia ; 1.27 cm , Bed height ; 12.4 cm. 
Average flow rate ; 0.4 ml/min 
Breakthrough capacity at 2.2% of Co ; 2.360 mg 
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Fig.7.31. Elution of uranium with O.OIN HN03 
Same conditions as in Fig. 7.30 
Uranium eluted ; 1.127 mg 
Adsorption Cycle 
l 00 
Column investigation was also performed to study the uranium 
behaviour over a complete adsorption cycle. A typical 
adsorption cycle involves (i) loading of the column (ii) washing 
of the column (iii) elution of the column (iv) washing of the 
column (v) reloading of the column and so on. 
(i) The effluent concentration history of uranium during 
column loading is shown in Fig. 7.32 (because limited number of 
effluent batch effluent samples were collected using the 
automatic fraction collector , occasionally there were not 
enough samples to draw the complete breakthrough). The 
breakthrough capacity of uranium was 5.750 mg (0.586 mg 
U/g of dry impregnated AC) and total amount of uranium 
loaded was 8.887 mg (0.907 mg/g). 
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(ii) Fig.7.33 shows the uranium concentrations of the batch 
samples collected during washing of the column with 3N nitric 
acid solution. The effluent volume includes the uranium 
solution present at the top of bed and in the voids of the bed. 
The total uranium appeared in this effluent was 4.02 mg. This 
reduced to 3.27 mg after subtracting the amount of uranium 
present in the voids and at the top of bed. 
(iii) The elution curve with 0.012N HN03 solution is given in 
Fig.7.34. The total amount of uranium eluted was 2.156 mg. 
(iv) Some air bubbles appeared in the bed after step (iii). The 
carbon was , therefore , removed from the bed in 3N HN03 
solution, stirred for about 5 hrs and repacked . The bed was 
then washed with an excess volume of distilled water (about 
185 ml) and 3N HN03 solution.(about 370 ml). The column was 
then reloaded with uranium and Fig. 7.35 shows the new 
breakthrough curve. The breakthrough curve indicates initial 
seepage of uranium and if this is neglected the breakthrough 
occurs at about 2 mg of uranium loading ( 0.204 mg of U/g of 
AC) and total amount of uranium loaded was 5.40 mg at 84% of 
initial concentration (0.55 mg U/g AC). 
-- - --------- -
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Fig.7 .32. [ Step (i)] Uranium loading on a impregnated active 
carbon bed, C6(TBP /Sp,355-1251l m) 
Uranium solution ; 50 mg/1 in 3N HN03 . Wt of carbon ; 9.8 gm 
Column dia. ; 1.27 cm , Bed height ; 13.2 cm , 
Flow rate. ; 0.86 ml/min 
Breakthrough capacity at 3.38% of Co ; 5.750 mg 
Total capacity at 64% of Co ; 8.887 mg 
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Fig.7.33. [step(ii)] washing of column with 3N HN03 solution 
Other conditions same as in Fig.7.32 
Total uranium = 4.021 mg 
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Fig.7.34. [Step(iii)] Elution of uranium with 0.012N HN03 
Flow rate ; 0.6·0.8 ml/min. , 
Other conditions same as in Fig. 7 .32. 
Uranium eluted ; 2.156 mg 
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Fig. 7 .35. [Step(iv )] Reloading of uranium on the bed. 
Conditions same as in Fig.7.32 
Capacity at 7.6% of Co ; - 2.00 mg ( neglecting the initial 
seepage ) . Total uranium ; 5.413 mg 
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Uranium in 5N HN01 Solution 
Uranium break through behaviour of in 5N HN03 was 
investigated with impregnated active carbons. The 
breakthrough curve is given in Fig.7.36. The uranium elution 
curve of is given in Fig.7 .37. 
.. 
u 
-u 
1.0 
0.8 
0.6 
0.4 
0.2 
0 100 200 300 400 500 600 700 
Effluent Volume(ml) 
Fig.7.36. Uranium breakthrough curve from 50 mg/l in 5N 
HN03 solution. 
Active Carbon ; C6(TBP/Sp.,355-125J.lm ) , Wt of carbon ; 9.8 gm 
Column dia ; 1.27 cm , Bed. Ht ; 13.2 cm .Flow rate ; 0.7 mVmin. 
Breakthrough capacity at 2% of Co ; 3.575 mg 
Total Capacity at 81% of Co ; 11.2434 mg 
Chapter 7 /246 
!00 
1\ 
=- 80. 
-
~ 
"" E ~ ~ 
J 
c 
60· 
e 
u 
E 40. -..4 
= 
c 
" 20 • .. 
;;l .__ 
• 0 
' ' ' ' 0 25 50 75 100 125 !50 
Effluent Volume(ml) 
Fig.7.37. Uranium elution curves got from the columns shown 
in Fig.7.36. 
Eluent ; 0.012 N HN03, Average Flow rate; 0.6 ml/min 
uranium eluted ; 3.021 mg 
(U eluted at high effluent volumes is not shown in Figure) 
Wood Based Impregnated Active Carbon 
An examination of the uranium breakthrough curve was made 
with impregnated wood based active carbon. A significant 
increase in the breakthrough point and an improvement in the 
the general shape of the curve was observed. The curve is 
shown in Fig.7.38. The curve is compared with the curve 
obtained using coconut shell based impregnated active carbon 
in Fig.7 .39. 
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Fig.7 .38. Uranium breakthrough curve with C9(TBP/Sp.,355125 J.!m) 
Uranium Soln. ; 50 mg/1 in 3N HN03 , Wt of carbon ; 5.1 gm 
Column dia.l.27 cm ; Bed Ht ; 12.78 cm 
Average flow rate ; 0.45 - 0.5 ml/min 
Breakthrough Capacity at 2.33% of Co ; 13.10 mg. 
Total capacity at 99% of Co = 21.75 mg 
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Fig.7.39. Uranium breakthrough curve with C6(TBP/Sp) and 
C9(TBP/Sp). 
C6(TBP/Sp) ; conditions as in Fig.7.32. 
C9(TBP/Sp) ; conditions as in Fig.7.38. 
- ------------------
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7.4.3. 1.8 cm dia. Column 
The uranium breakthrough behaviour was investigated with 
as- received and impregnated active carbon at relatively high 
flow rate and 50 mg /1 U in 3N HN03. Fig.7 .40 shows these 
breakthrough curves. The uranium breakthrough behaviour at 
100 mg/1 initial uranium concentration with impregnated AC 
is shown in Fig.7.41. 
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Fig.7 .40. Uranium breakthrough curves for as received and 
impregnated active carbons at 50 mg/1 uranium 
in 3 N HN03. 
Carbon size 355-600~m ; Average flow rate ; lml/min 
Column dia. ; 1.8 cm • Bed Ht. ; _!5 cm 
C6 : wt ; 24.5 g , 
Breakthrough capacity at 2.66% of Co ; 1.605 mg 
Total Capacity ; 6.2 mg 
C6(TBP/Sp) wt. ; 25.5 g 
Breakthrough capacity at 1.5% of Co ; 7.122 mg 
Total capacity ; 19.038 mg 
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Fig.7.41. Uranium breakthrough curves with impregnated 
active carbon,C6(TBP/Sp), at 100 mg/1 uranium 
in 3 N HN03. 
Carbon size 355-6001J.m ; Carbon wt ; 25 g 
Column dia. ; 1.8 cm , Bed Ht. ; 15 cm 
Average flow rate ; lml/min 
Breakthrough capacity at I% of Co ; 13.15 mg 
Total Capacity at 78% of Co ; 32.142 mg 
7.5. Discussion 
The extracting power of TBP is attributed due to the 
phosphoryl group which forms coordinate links with metal 
cations : 
(C4H90)3P= 0 ~M 
Uranium present in nitric acid solution is extracted as the 
neutral salt , uranyl nitrate , to form an unionized solvate with 
two molecules i.e. U02(N03)2 • 2TBP (1,2). Thus ; 
(7.1) 
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The effect of nitric acid concentration on the adsorption of 
uranium with TBP-impregnated AC is discussed in Section 
7 .2.4. A plot of distribution coefficient against uranium 
concentration at different nitric acid concentration (IN , 3N , 5N 
H N 0 3) is shown in Fig. 7.1 0. The data indicates that the 
distribution coefficient is higher at 5N HN03 for the same 
uranium concentration and the distribution coefficient 
decreases as the uranium concentration increases. These 
observations are identical to conventional solvent extraction of 
uranium and can be explained from equations 7.1 and 7.2 
which define the equilibrium constant and the distribution 
coefficient of uranium as follows: 
Ke = [U02CN03)2 . 2TBP(org)] 
[U~+(aq)](NOj(aq)]2[TBP(org)]2 (7 .3) 
K<i = [U02(N0Jh . 2TBP(org)] 
. [U~+(aq)] (7 .4) 
K<J = Ke [N03(aq)]2 [TBP(org)]2 (7 .5) 
An increase in the concentration of nitric acid will drive 
reaction (7 .1) to the right , increasing the concentration of 
unionized uranyl nitrate, thereby converting more uranium to 
the extractable form. On the other hand, since the amount of 
TBP present on the AC is constant, increase in the concentration 
of uranium will decrease the concentration of uncombined TBP 
on the active carbon. Thus, from expression (7 .5), the 
distribution coefficient should decrease. 
Attempts have been made to investigate the effect of various 
parameters associated with the impregnation process on 
uranium adsorption. Table 7.2 ·summarises impregnation of TBP 
from different solvents. TBP in water produce an impregnated 
AC which seemed to adsorb more uranium . This is because TBP 
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in water forms an emulsion and the carbon particles 
agglomerated. Table 7.3 gives the effect of various 
impregnation parameters on the adsorption of uranium. 
Though the results show a general trend, the impregnation 
process can only be investigated if TBP is determined on the 
AC. Unfortunately we did not possess the facilities to analyse 
for supported TBP.in our work. 
An unsuccessful attempt was made to calculate the absolute 
amount of TBP impregnated by gravimetric methods, using the 
gain in weight after impregnation. This probably is due to 
losses of . carbon in the impregnation process, to attrition and 
subsequent losses during filtration and washing. Also active 
carbon is highly hygroscopic. However taking an average of 
several impregnation batches, the amount of TBP impregnated 
was about 0.3 g per g of AC (C6). 
The impregnation process itself has not been studied in detail 
for extraction chromatography and fundamental studies are 
lacking. Impregnated adsorbents hav~ hardly been 
characterized by analytical techniques(except gravimetric). 
More detail of this is given in Section 3.1.6 and 3.4. For the 
impregnation methods most often employed, extractant and 
adsorbent are mixed, the loaded material is filtered and then 
dried, Majority of workers have attempted to wash the loaded 
support with water or appropriate aqueous solution( water is 
immiscible with TBP). While a few have washed the 
impregnated support with the solvent used in impregnation .. 
Matojima et al.(3) impregnated AC with an oxime from ethanol 
and subsequently washed with ethanol. Maclain et a1.(4) 
impregnated di-2-ethylhexyl pyrophosphoric acid on AC from 
water and subsequently washed with water. Kimura(5) 
supported TBP on XAD-4 from a TBP-water mixture and 
washed off the excess TBP with methanol. 
In this work, attempts were made to wash the TBP-
impregnated AC with water but this resulted in serious 
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agglomeration of the active carbon particles. To separate the 
particles , impregnated AC was then washed with ethyl alcohol 
or methylated spirit. However, it was found that washing 
significantly reduced the uranium uptake. The impregnated AC 
was then washed with the supernatant mixture of TBP and 
solvent (obtained from the impregnation method). Most of our 
reported work has been performed with impregnated AC 
produced by the later washing procedure. 
Impregnation on various particle sizes of active carbons has 
shown different uranium uptakes, with the smaller sizes 
showing greater capacity. This was observed both when 
different size fractions were impregnated separately under 
similar conditions (Fig. 7.5 and Fig. 7.20 ) and when a large size 
fraction was impregnated and then size reduced to different 
fractions ( Fig.7 .11 and Fig. 7 .19) . In the former case , it is 
obvious that the smaller size fractions adsorb more TBP 
· because of greater surface area than larger ones. In the latter 
case , size reduction exposes TBP on new AC surfaces. 
Impregnation on a wood based active carbon, C9 has shown 
greater uptake of uranium than on the shell based AC, C6 
(Section 7.2.7). Wood based active carbon has a wider range of 
pore sizes and possesses a greater number of mesopores than 
a shell based AC ( Even the surface area and micropore volume 
of C9 are higher than C6 , Chapter 8 Section 8.1.2). These larger 
pores enable AC to adsorb more TBP by providing pathways to 
TBP molecule into the micropores. Consequently C9 gives a 
higher uranium capacity. 
The rate of uranium adsorption on impregnated AC is slow. 
However, the rate of adsorption on TBP-impregnated C9 is 
relatively faster than on impregnated C6 (Section 7 .3.). Also,the 
faster kinetic on smaller size fraction indicate a diffusional 
transport of uranium into the pores of AC (see discussion in 
Chapter 8 , Section 8.1.2). 
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Conventional extraction is controlled either by a slow process 
which occurs in one of the bulk phases or/and by a rapid 
process which takes place at or near the interface. There is 
evidence that the transfer rate of uranyl nitrate in TBP 
solvent extraction is controlled by the reaction at the 
interface( 1 ). It is , however , difficult to explain the kinetics of 
uranium adsorption on TBP-impregnated AC when there is so 
little known about the state of the supported extractant and 
how it differs from the bulk TBP phase. 
Several breakthrough experiments have been performed with 
different column diameters. The results of these column 
experiments are summarized in Table 7 .4. The observations 
from the column experiments can be summarised as ; 
1- The breakthrough capacity of as-received active carbons is 
very small. 
2- The breakthrough curve of impregnated C6 AC is shallow 
and the maximum breakthrough capacity is about 0.6 mg of 
uranium per g of impregnated AC(dry). 
3 - Smaller size fractions seem to give a higher breakthrough 
capacity. 
4 - An increase in the column diameter does not increase the 
breakthrough capacity. 
5- Elution with O.OlN HN03 does not seem to remove all the 
loaded uranium from the column. 
6- The washing of uranium loaded column with 3N HN03 does 
liberate some uranium in the effluent. 
7- An increase in uranium concentration increases both 
breakthrough point and the total capacity. 
8- The breakthrough curve obtained with impregnated C9 was 
rather steep and breakthrough capacity was relatively high. 
9- The breakthrough capacity obtained from 5N HN03 was 
lower than 3 N HN03 solution but total capacity was greater. 
- ----·~~~~~~~~--- -
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Table 7.4. Summary of column experiments 
Impregnated Conditions Flow Rate !Breakthrough 
AC (ml/min) k:apacity(mg/g) 
1 cm dia column 
C6(TBP,600-355)!m) 50 mg/1 U 0.40 0.191 
in 3N HN03 
C6(TBP/H20 ,355-125)1m) 
- 0.56 0.312 
1.27 cm dia. column 
C6(600-355J.tm) 50 mg/1 U 0.40 0.038 
in 3N HN03 
C6(TBP/Sp,600-355J.tm) - o.40 0.349 
C6(TBP/Sp,855-600)1m) - 0.40 0.268 
C6(TBP/Sp,355-125)1m) - 0.86 0.587 
C6(TBP/Sp,355-125)!m) 50 rng/1 V 0.70 0.365 
in 5N HN03 
C9(TBP/Sp,355-125)!rn) - 0.50 2.568 
1.8 .cm dia. Column 
C6(600-355)!m) 50 mg/1 U 1.0 0.065 
in 3N HN03 
C6(TBP/Sp, 600-355)!m) - 1.0 0.280 
C6(TBP/Sp, 600-355J.tm) 100 rng/1 u 1.0 0.526 
in 3N HN03 
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The breakthrough behaviour of an adsorption column depends 
on a detailed knowledge of the combined effects of adsorption 
equilibria and mass transfer as well as on the column 
hydraulics. The rate mechanism is typically thought to 
determine the shape of the breakthrough curve. The shallow 
breakthrough curve obtained with impregnated C6 AC suggests 
that interparticle mass transfer is rate determining. 
Attempts were made to elute uranium with dilute nitric acid 
solution and results show that it is not quantitatively removed . 
This may be explained by the fact that only uranium adsorbed 
at the surface of the larger pores is accessible to the O.OIN 
HN03 solution. Dilute nitric acid was chosen to elute uranium by 
analogy with the Purex solvent extraction process. Similarly 3N 
HN03 solution was used to wash the column as it is often used 
to scrub the extracted solvent phase in the Purex process. The 
purpose of the scrub solution in conventional liquid extraction 
processes is to back extract all the components not wanted in 
the extracted organic phase into the aqueous phase. 
Fundamentally, the stripping and scrubbing operations are 
similar since the transfer of solute takes place from the organic 
phase to the aqueous phase. By analogy, the process of 
retention by the stationary phase in extraction chromatography 
is equivalent to normal extraction and elution in extraction 
chromatography is the equivalent of scrubbing and stripping in 
conventional liquid extraction. The use of HN03 may not be 
ideal since the purpose of washing in our work was to displace 
the solution present in the voids of the bed. Since it is not clear 
how the TBP and TBP-uranyl adduct are supported on 
impregnated AC, the use of 3N HN03. may be inappropriate. 
Also, the partial loss of solvent due to solubility in the mobile 
phase seems to have occurred as the reloading capacity of the 
column was reduced (Fig.7.35). This is an inherent 
disadvantage of extraction chromatography systems. However, 
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conventional extraction systems also suffer from solubility and 
entrainment losses. 
Column preparation with impregnated active carbon is 
extremely important. It is essential to completely wet the 
active carbon to ensure that air is eliminated from the pores 
before packing column. Unfortunately, air bubbles released 
from the impregnated AC tended to attach to the carbon 
surface. This problem was severe with smaller size particles. 
Bubbles were successfully detached from the carbon surface by 
vigorously stirring AC particles in an appropriate solution. 
Despite every effort to ensure that the carbon particles were 
free of bubbles , bubbles developed in some runs and the 
entire run was discarded. 
The particle size fractions of AC used in column studies was in 
the range of 600-355 Jl m and 355-125 Jl m. Since these 
fractions were prepared by grinding larger fractions , irregular 
shaped particle were present and packing inhomogenity cannot 
be ruled out. 
The apparent density 
C6 and C9 was 
impregnated. AC in 
packed in a known 
( or bulk density) of the active carbons 
determined both for as-received and 
our laboratory. Active carbons were dry 
volume (25ml) three times and then the 
weight of carbon was determined by taking the mean. 
Particle size; 600 -355 Jlffi 
C6 C6£impreg) C9 C9Cimpreg.) 
Bulk density(g/cc) 0.58 0.70 0.25 0.377 
- - - ---------------------------------------------------------------------
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The lower density of the wood based variety is apparent which 
means that a smaller amount of C9 will be required than C6 to 
pack a bed of the same height. C9 particles did tend to float in 
the aqueous solutions but settled eventually after 
displacement of air in the pores. 
In conclusion , the removal of uranium from concentrated nitric 
acid solution has been successfully achieved using TBP-
impregnated active carbons. The equilibrium and kinetic data 
data gives an insight into the adsorption mechanism on TBP-
impregnated active carbons. The application of column 
extraction chromatography to remove uranium using 
impregnated AC has satisfactorily been demonstrated. 
However, uranium was not quantitatively recovered. 
It must be realized that uranium adsorption on impregnated 
active involves some intricate and complex processes. Active 
carbon is a complex adsorbent and some of the chemical 
properties and pore structure are not completely understood. 
The adsorption of TBP on active carbon and the subsequent use 
of these supported phases for uranium adsorption from 
aqueous solution is still in the early stage. 
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Characterization 
of Active Carbons 
The study of the porous characteristics of active carbons (as-
received, oxidized and impregnated ) using nitrogen adsorption 
isotherms is described in this chapter. An attempt has been 
made to compare quantitatively the nitrogen adsorption 
isotherms of oxidized and impregnated active carbons with as-
received active carbons. A qualitative explanation is given of 
the adsorption of TBP on active carbon. 
Electron micrographs of as-received, oxidized and impregnated 
active carbons of C6 and C9 varieties are also given in this 
chapter. 
8.1. Characterization with N~_ 
Adsorption Data 
The measurement of adsorption of gases can be used to obtain 
information about the surface area and porosity of adsorbents. 
The use of nitrogen gas for this purpose is widespread and the 
literature is well documented. The theory of active carbon 
characterization with N2 adsorption is given in Appendix A. 
---------------------------------------------------------------------
---------------------------------
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8.1.1. Experimental 
Nitrogen adsorption data of adsorbents was obtained by using a 
Micromeritics ASAP2000 system. A photograph of this 
instrument is given in Fig.8.1 wherein all the components are 
indicated. 
Adsorbents were taken from the desiccator and put in standard 
analysis bottles. Samples were outgassed to a vacuum of 
0.008~mHg. The outgassing temperature was 80 °C for oxidized 
samples and 50 oc for impregnated samples. After outgassing, 
the sample was weighed along with the bottle and weight of 
the adsorbent was determined by subtracting the weight of the 
empty bottle. An electronic balance which could read up to 
O.OOOlg was used. 
The volume of the various parts of the free space in the 
ASAP2000 system are determined by using helium gas . The 
adsorption isotherm is constructed point-by-point by 
admission of successive charges of Nz ( dosing ) to the carbon 
samples. After each admission successive pressure values are 
determined until equilibrium is reached. The volume of Nz 
adsorbed is calculated by application of gas laws. 
8.1.2. Results and Discussion 
Results of nitrogen adsorption are presented in three sections. 
In the first section,adsorption isotherms are plotted and the 
related porous properties are given. Then oxidized and 
impregnated active carbons are treated separately. Figures are 
given at the end of this section. 
Fig.S.l. Micromeritics ASAP 2000 system 
---~----~-----------------------------------
(·! 
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As-Received Adsorbents 
Nitrogen adsorption isotherms of the adsorbents are given in 
Fig.8.2-8.4. Isotherms of shell based carbons , C2, C4 and C6, 
are Type I (see Appendix, Section A.1), and pore volume of 
these active carbons consists mainly of micropores. Type I 
isotherm is also exhibited by coal based variety , Cl. Nitrogen 
isotherm of C9 is not typical Type I as the plateau of the 
isotherm is not well defined. This active carbon still have a 
considerable amount of micropores which is indicated by the 
sharp rise at low equilibrium pressures. The rather bent 
portion of the curve after the initial rise reflects the presence 
of mesopores. The source material of C9 is wood and it is 
known that wood based active carbons generally have a wider 
pore size distribution. The nitrogen adsorption isotherm of 
another wood based active carbon , C7 , falls into Type IV but 
the initial steep shape of the curve shows the presence of 
micropores along with a significant amount of mesopores. XAD-
4 and XAD-7 also show a Type IV isotherm and are 
predominantly macroporous . 
Table 8.1 gives the pore properties of the as-received 
adsorbents. The monolayer volume, Vm was determined from 
the Langmuir and BET plots according to Eq.(A.2) and Eq.(A.l3) 
[Appendix A] respectively and surface areas were determined 
by using the Eq (A.15)[Appendix A], The, specific surface area 
at STP is given by 
S(m2/g) = (vm cm3/g)(0.162x 1 0-18m2)(6.023x 1 Q23)f22414cm3 
= 4.353 Vm (8.1) 
Langmuir surface area is reported for Type I isotherms and 
BET for other types in Table 8.1. The Langmuir plots of active 
carbons C6 and C9 are given in Fig.8.5 and Fig.8.6 respectively. 
It is interesting to note that because of the ill defined " knee " 
of the isotherm for C9 , it is not possible to determine vm with 
- - -- --·-------------------
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certainty. The reported surface area is determined from 
straight line obtained up to the values of P/Po = 0.022. 
Selection of higher pressure limits significantly increase the 
surface area with a reasonable straight line. The surface area 
up to 0.1 relative pressure is worked out to be 2312 m2/g. For 
C6 the completion of a monolayer is at about 0.11 relative 
pressure. The Langmuir surface area does not have much 
physical significance in microporous adsorbents ( as discussed 
in Appendix A,Section A.3 ) but it still is a simple and a useful 
parameter for comparing the nitrogen adsorption capacities. 
The micropore volume,Wo was obtained from the intercept of 
the Dubinin - Radushkevich (DR) plot of Log V* (cc of N2/g,STP) 
against Log2(P/Po) (Eq.A.12, Appendix A). The micropore 
volume is given by, 
Wo = D x 1 O(lntercept). 
Where D = density conversion factor (cc liquid/cc STP) 
= 0.00154468 
(8.2) 
The micropore volume of as-received active carbons is given 
in Table 8.1 and DR-plots of active carbons C6 and C9 are 
presented in Fig.8.7 and Fig.8.8. As mentioned in Appendix A, 
Section A.3.2 , the DR plot deviates upward at high pressure · 
values. The linear portion at lower pressures determines the 
microporosity. 
The pore size distribution of C6 and C9 are presented in Fig.8.9 
and Fig.8.10 respectively. The PSD are calculated by the BJH 
method using the thickness layer equation of Harkins and Jura 
(Appendix A, Section A.6). It is also important to note that in 
Type I isotherms about one half to two thirds of the saturated 
nitrogen capacity of the adsorbent is adsorbed at the first 
equilibrium pressure value. This is reflected in the pore size 
distribution of these carbons where the pore volumes for the 
pores below say 10 A can not be obtained ( Appendix A, 
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Section A.6). The pore size distribution of active carbon C6 
indicates the microporous character of this shell based variety 
and PSD of wood based variety C9 shows some mesopores in 
addition to micropores. 
The shell based active carbons , C2 , C4 and C6 performed 
better for uranium adsorption from dilute or near neutral 
conditions while the impregnated C9 ( wood based ) have 
shown greater capacity for uranium from concentrated nitric 
acid solutions. This will be discussed in the next two sections. 
Table 8.1. Pore properties of as-received adsorbents. 
Langmuir Langmuir BEf DR Micropore 
Adsorbent Monolayer Surface Area Surface Are! Volume 
Volume (m2/g) (m2/g) (cm3/g) 
(cm3/g STP' 
Cl 243 1058 - 0.3495 
C2 388 1689 - 0.586 
C4 355 1545 - 0.565 
CS - - 239 0.0495 
C6 268 1166 - 0.407 
C7 308 1341 - 0.512 
C8 305 1327 - 0.467 
C9 350 1523 - 0.767 
XAD-4 - - 1428 -
XAD-7 - - 763 -
IRC-50 
- - 2.5 -
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Oxidized Active Carbons 
The nitrogen adsorption isotherms of the oxidized active 
carbons of C2 and C6 varieties are plotted in Fig 8.11 and 
Fig.8.13 along with as received active carbons. The Dubinin -
Radushkevich plots of these isotherms are presented in Fig.8.12 
and 8.14. The isotherm of uranium loaded adsorbent is given in 
Fig.8.13. The porous properties of oxidized active carbons are 
given in Table 8.2. 
The oxidation of the active carbons with nitric acid results in a 
reduction of the nitrogen capacity of the active carbon. This is 
reflected in the reduction of the micropore volume and 
Langmuir area after oxidation. The shape of the isotherm is 
retained after oxidation but the knee of the isotherm seems to 
become a bit flattened, which suggests the formation of some 
mesopores. Fig.8.11 also shows that increase in the HN03 acid 
solution concentration decrease the micropore volume and 
surface area. A similar behaviour was observed with other 
active carbon varieties. 
The increase in the uranium uptake from dilute and near 
neutral solutions obtained with nitric acid oxidized active 
carbons cannot be · fully explained in terms of porous 
properties. Treatment with nitric acid results in the oxidation 
of carbon sites and new functional exchange groups are formed. 
These increased functional groups are most probably the major 
cause of greater uptake of uranium on the oxidized carbons 
(see discussion in Chapter 6 Section 6.5). The increase in the 
opening of pores with the oxidation may improve the 
accessibility of the uranium molecules to the sites in the 
interior of the pore structure. 
- ·----------------------------------------------------------------------
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Table.8.2. Pore properties of nitric acid oxidized active carbons. 
Langmuir !DR Micropore 
Active Carbons Surface Volume 
Area(m2/g) (cm3/g) 
C2(as-received) 1689 0.586 
C2(7N HN03) 1167 0.369 
C2(9N HN03) 975 0.324 
-
C4(as-received) 1545 0.565 
C4(7N HN03) 968 0.359 
-
C6(as-received) 1166 0.407 
C6(7N HN03) 1020 0.363 
C6(7N HN03 984 0.327 
-U-Ioaded) 
Impregnated Actjye carbons 
Nitrogen adsorption isotherms of some typical impregnated 
carbon varieties of C6 and C9 are studied here. The method of 
preparing active carbons is described in chapter 4 Section 4.2.2 
(also see chapter 3 Section 3.1.6 and Section 3.4 , Chapter 7 
Section 7.5 ) . 
Impregnated Active Carbon . C6 
Fig.8.15 presents 
impregnated active 
prepared using a 
the nitrogen adsorption isotherms of 
carbon samples. These carbons were 
different volumetric ratio of TBP/EtOH 
(e.g.25ml TBP/225ml EtOH etc.). 
subsequently exhaustively washed with 
-------- ---
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The 
ethyl 
samples were 
alcohol. These 
isotherms are Type I and have lower nitrogen adsorption than 
as-received active carbon. 
Fig.8.16 shows the isotherms of two different sizes of 
impregnated active carbons. C6 was impregnated in a particle 
size of 0.85-1.7 mm and then later size reduced. Impregnated 
carbon was washed with supernatant mixture of TBP/Spirit. 
Fig.8.17 presents nitrogen adsorption isotherms of impregnated 
carbon before and after uranium adsorption. The uranium 
adsorbed C6(impregnated) has a lower nitrogen isotherm than 
plain C6(impregnated). 
In another experiment , the isotherm was determined after 
heating the C6(impregnated) active carbon sample for 48 hrs at 
60 oc in the presence of air. No change in the adsorption 
isotherm type was observed. The same sample was gently 
rinsed in 10 ml of methylated spirit and dried. Fig.8.18 
presents these isotherms and shows that a slight rinse of 
impregnated carbon has increased the nitrogen uptake and 
partially restored the shape ·of the isotherm. 
Table 8.3 gives the findings of these nitrogen adsorption 
isotherms in terms of average values of Langmuir surface area 
and DR micropore volume( see later discussion). 
Impregnated Active Carbon . C9 
The nitrogen adsorption isotherms of C9 impregnated carbons 
of as-received and impregnated varieties are compared in 
Fig.8.19. The isotherm shown closer to the as-received carbon 
was thoroughly washed with solvent after impregnation. 
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Table 8.3. Pore properties obtained from the nitrogen 
adsorption isotherms of C6 impregnated carbons. 
Langmuir DR Micropore !Uranium Sorbed 
Active Carbons Surface Are Volume at Co=SOmg/1 
(m2/g) (cm3/g) (J.Lg/g)(approx.) 
C6(as received) 1166 0.407 -
C6(1mprecated 805 0.29 750-900 
exhaustive wash) 
C6(Impregnated 112 0.0368 1000-1100 
-restricted wash) 
C6(Impregnated 2 0.0012 1100 
-no wash) 
C6(1mpregnated - -
-
-no wash, U loaded) 
Fig.8.20 and Fig.8.21 presents N2 adsorption isotherms of two 
different sizes of impregnated carbons together with the 
uranium adsorbed samples. The C9 sample was impregnated in 
larger particle size and later sieved to smaller size fractions. 
The three impregnated sizes 125-355, 355-600 and 600-
8551lm are compared in Fig.8.22. The OR-plots of uranium 
loaded impregnated and plain impregnated C9 are given in 
Fig.7 .23. Table 8.4. gives the Langmuir surface areas and DR 
micropore volumes calculated from these isotherms. 
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Table 8.4. Pore properties obtained from the nitrogen 
adsorption isotherms of C9 impregnated carbons 
Langmuir DR Micropore !uranium sorbed 
Active Carbons Surface Area Volume at Co=SOmg/1 
(m2Jg) (cm3fg) (ug/g) aoorox. 
C9(as received) 1523 0.766 -
C9(impregnated 1371 0.674 -
exhaustive wash) 
C6(1mpregnated 149 0.0937 1600 
-no wash) 
C6(Impregnated 135 0.08892 -
-no wash,U loaded) 
Discussion on Impregnated Active Carbons 
The observations with regard to N2 adsorption on impregnated 
active carbons of C6 and C9 can be summarised as follows : 
1 - Impregnation drastically reduces N2 adsorption. In the case 
of C6 , the isotherm has changed from Type I to Type II 
( Fig.8.17 and Fig.8.18). For C9 , the isotherm shape does not 
change but nitrogen adsorption is significantly 
reduced.(Fig.8.20 and 8.21 ). 
2- Any rinse or slight washing of impregnated active carbons 
with solvent increases the nitrogen uptake. For 
impregnated C6 , the isotherm shape seems to return to 
Type 1 (Fig.8.18). 
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3 - Exhaustive washing with solvent appears to result in the 
original isotherm shape but the nitrogen adsorption 
capacity remains lower than as-received active carbon 
(Fig.8.15 and Fig.8.19). 
4- Uranium-adsorbed impregnated active carbons seem to 
have a lower Nz uptakes when compared to the simple 
impregnated active carbons (Fig.8.17 Fig.8.20 and 
Fig.8.21). 
5- The impregnated active carbons of smaller size fraction 
seem to adsorb more Nz than larger size fractions ( Fig.8.16 
and Fig.8.22). 
Before discussing Nz adsorption on TBP-impregnated active 
carbons , it is necessary to get a rough idea of the size of the 
TBP molecule. It can be obtained from the molar volume of TBP 
by assuming a close packing of rigid spheres with a void 
volume of 26%. (1) 
VM = M/p = 266/0.972 =273.66 cm3/mole 
Therefore, 
= 4.5436 x 10-22 cm3/ molecule 
(il/6)03= 0.74(4.5436 X 10·22) 
D=8.64A 
There would appear to be sufficient wide pores in active 
carbons to allow adsorption of TBP molecules. ( see pore size 
distribution of C6 and C9 in Fig.8.9 and 8.10 calculated on the 
basis of Nz adsorption data). Where the entrance of a TBP 
molecule into a pore is hindered , it will possibly block the pore 
opening. This simple picture assumes that there is no steric 
hindrance and the molecule is itself neutral towards the active 
carbon surface. Larger molecules can also enter the micropores 
with distorted shape due to the existence of a high adsorption 
potential. 
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There is evidence to support the idea that TBP enters the pores 
of active carbon, particularly the observed slow kinetics of 
uranium sorption on impregnated active carbons (see Chapter 7 
Section 7.3 ) and the finding that exhaustive washing of the 
impregnated carbon does not remove the entire impregnated 
TBP. The fact that impregnated C9 has a higher sorption 
capacity for uranium than impregnated C6 (see Chapter 7, 
Section 7.2) also suggests that the greater pore volume and 
wider pore distribution of C9 enables it to adsorb more TBP. 
TBP may also be present on the carbon surface as excess liquid 
in addition to the TBP molecules penetrating into the pores of 
active carbons , particularly in un-washed samples. This 
explains why the unwashed impregnated samples adsorb little 
nitrogen. The N2 isotherms (Type 11) of these samples suggest 
that active carbon is coated with solvent and there are no free 
pores available for N2. Solvent washing removes this excess 
TBP allowing opening of the pores which results in the 
increased uptake of nitrogen . 
Thus three possibilities are likely in the TBP impregnation of 
active carbons which are not subsequently rinsed. 
i) TBP enters into the pores of greater size than the TBP 
molecule. 
ii) TBP blocks the entrances of the narrower pores, and 
iii) TBP is present on the exterior surface of the adsorbent. 
Washing of the samples will obviously reduce the contribution 
of (iii) first and then of (ii) and (i) depending on the degree of 
washing. 
An increased uptake of N2 occurred with impregnated samples 
which had been produced from the larger impregnated size 
fractions by grinding. This presumably happened because 
grinding of the larger particle opens up new pathways which 
are not blocked by TBP. 
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The Langmuir surface area and DR micropore volumes of 
impregnated active carbon varieties C6 and C9 are given in 
Table 8.3 and Table 8.4 respectively. It must be remembered 
here that calculation of surface area and pore volume is based 
on the N2 molecular size ( critical dimension 3 A)(l) The 
values of surface area and pore volume will lose any physical 
meaning if the narrow pores are blocked by the presence of 
TBP molecules. 
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Fig.8.3. Nitrogen adsorption isotherms of active carbon 
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Fig.8.6. Langmuir plot of nitrogen adsorption isotherm of 
active carbon, C9. 
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Fig.8.9. Pore size distribution of active carbon, C6 obtained with 
Barret-Joyner-Halenda (BJH) method. 
Fig.8.10. Pore size distribution of C9 , obtained with Barrett-
Joyner-Halenda (BJH) method. 
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(b)- Oxidized Active Carbons 
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Fig.8.11. Nitrogen adsorption isotherms of as-received active 
carbon( C2) and nitric acid oxidized C2 , [ C2(7N HN03) 
and C2(9N HN03)] 
2.7 
2.6 
~ 
"' ... 
"' 2.5 
.. 
-... 
... 
<» 
2.4 
e 
" c; 2.3 
:> 
~ 
.. 
Q 
... 2.2 
2.1 
0 2 4 6 8 10 
Log'2(P/Po) 
Fig.8.12. Dubinin-Radushkevich plot of nitrogen adsorption 
isotherms shown in Fig 8.11. 
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Fig.8.13, Nitrogen adsorption isotherms of as-received active 
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(c)-lmpre2nated Active carbons 
~ 
"" ... 
"' 
.. 
-
... 
... 
~ 
.. 
E 
" c; 
... 
300~------------------------~ 
250 
200 
150 
100 
50 
0 
0.0 0.2 0.4 0.6 0.8 1.0 
Relative Press.(P/Po) 
• C6(as-received) 
0 C6(1'BP/EtOH,25!225) 
• C6(1'BP/EtOH,50/200) 
c C6(1'BP/EtOH,75/175) 
A C6(1'BP/EtOH,!50/100) 
Fig.8.15. Nitrogen adsorption isotherm of C6(as-received) and 
impregnated C6 which have have been impregnated 
in different TBP/EtOH volumetric ratio ( in ml ) and 
subsequently exhaustively washed with EtOH. 
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Fig.8.16. Adsorption isotherms of impregnated active . 
carbon,C6 of two different sizes , obtained from 
larger( 1. 7mm-0.85mm) impregnated particle size. 
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Fig.8. 17. Adsorption isotherms of C6 impregnated active 
carbon and U-loaded C6 impregnated carbon. 
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Fig.8. 18. Adsorption isotherm of an unwashed impregnated 
C6 and adsorption isotherm obtained after a solvent 
rinse. 
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Fig.8.23. A typical DR plot of the isotherm of impregnated C9 
and U-loaded impregnated active carbon shown in 
Fig.8.20 . 
8.2. Electron 
of Active 
Microscopy 
Carbons 
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Electron micrographs of as-received , nitric acid oxidized and 
TBP-impregnated active carbon samples were obtained using 
Cambridge Stereoscan 360 Electron Microscope. Each AC 
samples was observed at two magnifications. Fig.8.24 and 8.25 
give micrographs of as-received and nitric acid oxidized C6 
respectively at two magnifications. Fig.26a and Fig.26b .give 
two views of TBP-impregnated C6. The micrographs of C9 
active carbon are given in Fig.27. Fig.28a and Fig.28b present 
two views of impregnated C9. 
Fig.8.24. Electron micrographs of as-received C6 at two 
magnifications. 
Fig.8.25. Electron micrographs of nitric acid oxidized C6 at two 
magnifications. 
Fig.8.26a. Electron micrographs of TBP impregnated C6 at two 
magnifications. 
Fig.8.26b. Electron micrographs of TBP impregnated C6 at two 
magnifications. 
- - -- - -- - -· - ----------------- -
Fig.8.27. Electron micrographs of as-received C9 at two 
magnifications. 
Fig.8.28a. Electron micrographs of TBP impregnated C9 at two 
magnifications. 
Fig.8.28b. Electron micrographs of TBP impregnated C9 at two 
magnifications. 
Chapter 8 /294 
Reference 
1. Moore,W.J., Physical Chemistry , Longman (1972). 
---------- ------~ - ---------------------- -
Chapter 9 
Conclusions 
for Further 
9.1. Conclusions 
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and Suggestions 
Work 
The investigation of adsorption of uranium by active carbon 
from acidic solutions has involved two cases 
(I) adsorption on active carbon/oxidized active carbons ·and 
(II) adsorption on TBP impregnated active carbons. 
In first case, an understanding of the functional groups and 
particularly of acidic nature on the surface of active 
carbon/oxidized active carbon is essential to fully explain the 
observations. In the second case, some understanding of the 
nature of the supported extractant and characteristics of the 
impregnated support are essential to understand and explain 
the sorption of neutral metal compounds. 
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Previous chapters have presented a literature review in both 
areas and it is evident that 
- There has been considerable study of the chemical properties 
of active carbons. However, the nature of these surface 
functional groups in still not certain and ; for example , Mattson 
et al.(l) states that almost every conceivable functional group 
known to organic chemistry has been suggested on active 
carbon surface. 
- The use of impregnated resins is well known and has widely 
been applied in analytical separations. However, most studies 
are confined to achieving a specific separation and fundamental 
knowledge of the characteristics of impregnated adsorbents is 
scarce. 
The work reported here was performed specifically to 
investigate uranium adsorption from acidic solution onto active 
carbon and the following main conclusions can be drawn 
I- Uranium can be adsorbed from aqueous solution at pH 3-5 
by as-received active carbons and in more acidic solutions 
(about pH 1 ), nitric acid oxidized active carbons are very 
effective. The equilibrium , kinetic and column study 
confirm the feasibility of such a process. The cation 
exchange of uranium hydrolysed species with the acidic 
functional groups of active carbon is largely responsible for 
the uranium adsorption. The kinetic data and pore 
characterization suggest that the diffusional transport of 
uranium in the pores as the most likely rate limiting step. 
Typical equilibrium uranium capacities ( mg of U/g of AC) 
are following : 
5 - 10 mg/g with as-received AC from aqueous solution( pH 4) 
35 - 40 mg/g with oxidised AC from aqueous solution( pH 4) 
-- ---------------------------------------------------------------
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0.5 - I mg/g with as-received AC from 0.06N nitric acid aqueous 
solution 
4 - 5 mg/g with oxidised AC from 0.06N nitric acid aqueous 
solution 
( uranium equilibrium concentration about 50-70 mg/1) 
II- Uranium can be adsorbed from concentrated acid solutions 
(3N nitric acid ) on TBP- impregnated active carbons. The 
uranium equilibrium capacities obtained are in the range of 
1.2 mg U /g of impregnated AC for C6 and about 3 mg/g for 
C9. ( at relatively high m/V; 500 mg/25 ml). The rate of 
uranium adsorption on impregnated AC is slow and evidence 
suggests a diffusional mechanism of uranium adsorption. 
The breakthrough curve is rather shallow and breakthrough 
capacities of about 0.5 mg/g for impregnated C6 and about 
2.5 mg/g for C9 have been obtained. The adsorption data 
shows similarity to the solvent extraction and uranium is 
probably being extracted by the stationary phase as a 
neutral compound i.e., UOz(N03)2.2TBP. However uranium 
elution with O.OlN HN03 is not quantitative. 
Some other conclusions from the present work are 
Adsorption of uranium on as-received AC's from buffer 
solutions (pH 3) indicate that uranium is retained as a citrate 
complex on AC's. The presence of acetate in aqueous solution 
significantly increases the capacity of AC (-22 mg U/ g AC ). 
- The adsorption on as-received AC's is a maximum when 
uranium is present in aqueous solution and decreases as the 
solution pH becomes more acidic by addition of acids. 
- The charcoal produced by the carbonization and oxidation of 
the polymeric adsorbent, XAD-4 in air has great promise and 
a uranium uptake of about 27 mg /g was obtained from 
aqueous solution. 
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Oxidation of active carbon at higher nitric acid concentrations 
increases the uranium adsorption capacity. 
- Uranium uptake per unit mass of AC is dependent on the 
amount of AC present in the solution. 
- It was observed that the smaller sizes of AC showed greater 
uranium capacity and a relatively faster rate of uranium 
adsorption. This suggests the the use of powder AC for 
potential process applications 
Wood based Impregnated AC has a higher capacity and faster 
kinetics than shell based C6. The capacity increase is more 
than 50% at lower U concentrations and increases with U 
concentrations. 
- Washing of a uranium loaded bed with 3N HN03 solution was 
not successful and uranium was released in the washing. The 
capacity of the uranium on the second loading was also 
lower than on the first loading. 
- Uranium uptake per unit mass of impregnated AC is 
dependent on the amount of impregnated AC present in the 
solution. 
- The use of nitric acid oxidized AC in the impregnation process 
resulted in a decreased uranium capacity. 
The characterization of active carbons with nitrogen adsorption 
isotherm shows that C6 has a predominantly microporous 
structure whilst C9 has some mesopores in addition to 
micropores. The interpretation of the nitrogen isotherms of 
impregnated active carbon suggests that TBP is present within 
the pores of active carbon. 
----------------------------------------------------------------------- - -
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9.2. Suggestions for Further Work 
1- The fundamental difficulties in understanding the 
adsorption with active carbon from aqueous solution has 
been the lack of definite information on the exact nature 
and type of functional groups present on active 
There is a need to put more efforts on studying 
carbon. 
these 
functional groups with direct analysis on active carbon 
surfaces by techniques like FTIR and NMR 
2- There is considerable amount of work reported on the 
formation of surface oxygen complexes by reacting with 
oxygen or air but studies under the conditions in which 
active carbons are normally activated are scarce i.e in 
steam activation process or chemical activation process. 
3- The elution of uranium from active carbons and oxidized 
active carbon need to be investigated. 
4- The principal application of AC in water treatment at 
present is for the removal of taste , colour and organics. 
Their use for the removal of heavy metals has not been 
much studied. Uranium is found in surface and ground 
waters in some parts of USA in the concentration range 
0.01-16 mg/1 (2,3). Smith(2) has investigated its removal 
by the existing treatment methods. A similar study for the 
removal of heavy metals and radionuclide, radium has 
been made by Sorg et al. (4). These investigations show that 
present treatment methods ( including AC treatment) are 
not effective in removing these metals. The use of modified 
active carbons in this area can be investigated. 
5- Active carbons produced by carbonizing polymeric resins 
have high capacity for uranium. Their production under 
controlled conditions and their properties has to be 
investigated to test their full potential. Strelko et al.(5) have 
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recently investigated active carbon production from phenol 
formaldehyde resins and Taranenko et al (6) have studied 
their catalytic properties. 
6- Incineration of active carbons and impregnated active 
carbon loaded with uranium can. be investigated in order to 
reduce the volume of solid radioactive waste of spent 
adsorbent(?,). 
7- There is a need to study adsorption of TBP on active 
carbons from organic solvents and aqueous solution. The 
impregnated carbons have to be characterized by direct 
physical methods of analysis and state of the extractant and 
P == 0 group has to be investigated. 
8 - $tability of TBP stationary phase over a number of cycles 
and the recovery of uranium from impregnated carbons has 
to be investigated. 
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Appendix A (to Chapter 8) 
Theory of Characterization 
of Active Carbons with N2 
Adsorption Data 
This appendix briefly covers the theory and methods by which nitrogen 
adsorption data is used in Chapter 8 to characterize active carbons. 
A.l. The Adsorption Isotherms 
The amount of gas adsorbed per gram of the solid depends on the 
temperature, the equilibrium pressure P and on the nature of both the 
gas and the solid. For the adsorption of a particular gas on a given solid ; 
V* = f (P/Poh,gas,solid (A. I) 
Where V* is the volume of gas adsorbed in cm3 (STP) per gm of solid , i.e 
the volume adsorbed gas would occupy at standard temperature and 
pressure (273.13 °K , 760 mmHg). Po being is the saturated vapour 
pressure of gas. The relationship in Eq.(A.l) is commonly called the 
adsorption isotherm. 
The adsorption isotherm can take a number of shapes depending upon 
the adsorbent - adsorbate system. For convenience , these shapes are 
grouped into five types of classification, originally proposed by 
Brunauer, Deming, Deming and Teller(l)(BDDT) and now commonly 
referred to as the Brunauer , Emmett and Teller (BET). (There are some 
isotherms in the literature which do not fall into this classification). 
The five types of isotherm are shown in Fig.A.l. 
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Fig.A.l. The Jive types of isothenn classification by Brunauer, 
Deming , Deming and Teller (BDDT)(l). 
The shape of the isothenn is detennined by the nature of the adsorbent 
and adsorbate and generally reflects the nature of porosity of the 
adsorbent. 
Type I isotherm is expected if the adsorbent is predominantly 
microporous ( also called the Langmuir isothenn ). 
Type 11 isotherm is very common in physical adsorption and generally 
represent a non-porous solid. Adsorption on these isotherms is 
associated with the fonnation of a multilayer of molecules. 
Type Ill isothenn is rather uncommon , and also corresponds to non 
porous solids. Types IV and V are related to Type 11 and Type Ill but 
instead of approaching the saturated 
the curve bends over giving a 
vapour 
branch 
pressure asymptotically , 
which becomes almost 
- - - -· -· - -·· - -- -- --- ----------------
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horizontal. It is believed that this indicates mesoporous structure and 
reflects the phenomenon of capillary condensation. 
Active carbons generally contain all varieties of pores, from the largest 
ones visible with the aid of an optical microscope to the smallest that are 
compatible with the adsorbed molecules 
A.2. Classification of Pores 
The International Union of Pure and Applied Chemistry (IUPAC) (2) has 
classified pores into three varieties and this classification is given in 
Table A.l. 
Table A.l. IUPAC(2) Classification of pores according to their width. 
Micropore 
Mesopores 
Macropores 
< 2 nm (20 A) 
2 - 50 nm 
> 50nm 
A.3. Adsorption in Microporous 
Adsorbents 
Adsorption on microporous solids generally corresponds to the Type I 
Isotherm (also called the Langmuir isotherm). These isotherms are 
characterized by a steep rise at low equilibrium pressures and 
flattening at relatively high equilibrium pressures. Type I isotherms 
are common with active carbons and other microporous materials e.g. 
zeolites. 
A.J.l. Classical Interpretation > 
The classical interpretation of Type I isotherms assumes that the pores 
of the adsorbent are so narrow that they can only accommodate a single 
molecular layer of adsorbate at the wall and the plateau of the isotherm 
-----------------
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corresponds to the completion of the monolayer. This interpretation was 
proposed by Langmuir (3) for application to an open surface and later 
extended to microporous adsorbents (4). 
The Langmuir model can be expressed by the following equation 
(P/Po) 
v• 
(-1 )(L)+_L_ 
Vm Po CLVm (A.2) 
The plot of (P/Po)/V* against P/Po should yield a straight line of slope 
1/V m . Q is the Langmuir constant. 
Once the monolayer capacity, V m , is known , the surface area can be 
calculated and this will be described in Section (A.5). The Langmuir 
method is generally used for the calculation of specific surface area of 
adsorbents which show Type I behaviour but this has little physical 
meaning in microporous adsorbents. 
In narrow pores , the forces of attraction are much stronger than at an 
open surface or in wider pores because of the overlap of the force fields 
from neighbouring regions of the wall. This force field enhancement 
will disrupt the layer by layer coverage ·concept. There will be no 
monolayer point and complete_ filling of the pores with the adsorbate 
molecule will occur. In this case, the classical method of calculating the 
monolayer capacity will collapse. Dubinin(5) has given evidence of this. 
An indication that the plateau in a Type I isotherm does not necessarily 
represent a completed monolayer is the fact that the value of the 
specific surface area determined from the plateau is sometimes 
improbably high. For active carbon a value of about 2000 - 3000 m2/ g 
has been quoted. These figures are so high that it would require about 
90% of the carbon atoms to be accessible to gas molecules. This would 
imply an extremely open structure and it is difficult to reconcile this 
kind of open structure with the robust mechanical properties of the 
charcoal. 
This and other considerations , have led Dubinin (5,6) to propose that 
the plateau of the isotherm represents the filling up of the volume of 
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pores with adsorbate in 
coverage. 
liquid-like conditions rather than monolayer 
A.3.2. Dubinin's Theory of Volume Filling of 
Microoores <TYFM> 
All the theories which describe adsorption of gases or vapour on porous 
and non-porous adsorbent derive from the same physical perception of 
the geometric surface · on which adsorption occurs with the formation of 
one or more successive adsorption layers. However, Dubinin {5,6) 
argued that adsorption in a microporous adsorbent requires a different 
theoratical treatment than for mesopores or non-porous adsorbents. He 
assumed micropores as space volumes in which adsorption fields are 
set-up by the walls of the pores. Because of the limited adsorption space 
of the micropores , which proportionate with the molecules adsorbed , 
molecules do not form adsorption layers but they fill the adsorption 
space volume. Therefore the basic geometrical parameter 
characterizing a microporous adsorbent is the volume of the micropores 
rather than the surface. Theory based on this concept of adsorption in 
micropores is called "theory of volume filling of micropores" 
(TVFM){5,6,7). This theory is now widely used to describe adsorption in 
microporous solids , particularly in active carbons. 
The earlier conception of Dubinin's theory of adsorption in micropores 
is based on Polanyi's potential theory of adsorption{6,8). Polanyi 
conceived the force of adsorption as an intermolecular potential 
gradient . The adsorption potential ~ i at any point i at or near the 
surface of the adsorbent is defined as the isothermal work done by the 
adsorption forces in bringing the molecule from the bulk gas phase to 
that point. The adsorption potential is expressed as 
~ = RT ln(Po/P) (A.3) 
Which means ~ is simply the work of isothermally compressing the gas 
from equilibrium pressure, P , to . the saturation vapour pressure of the 
liquid, Po. 
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A simple picture of Polanyi's concept of an adsorbed phase on an 
adsorbent is shown in Fig.A.2. The shaded area represents the adsorbent 
surface where the sorbent potential is ~ 0 , the lines A, B, C. D and E 
represent equipotential sorbate surfaces of potential ~ 1 , ~ 2• ... ~i, which 
together with the adsorbed surface enclose the sorbate volumes Wt. Wz, 
.... W i. The line E, is the gas phase sorbate phase boundary and Wo 
represents 
potential is 
the total volume of adsorption space. 
some function of the volume adsorbed W, 
The adsorption 
~ = f(W) (A.4) 
Polanyi's theory also assumes that the adsorption potential is 
independent of temperature and Eq.(A.4) is characteristic of a 
particular adsorbate - adsorbent system. The temperature invariance of 
~ means that adsorption is due to temperature independent dispersion 
interactions. 
E 
c 
B 
A.---' 
0 
Fig.A.2. A Schematic representation of adsorption potential fields 
according to the Polanyi theory(8). 
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In the development of the theory of micropore ·filling , Dubinin adapted 
a thermodynamic interpretation of equation (A.3) by defining , A , 
differential molar work of adsorption as ; 
A= li G = RT In (Po/P) (A.5) 
where P is the equilibrium pressure and Po is the saturated vapour 
pressure of standard reference state at the temperature T. 
The other feature of micropore adsorption is the temperature 
invariance of the differential molar work of adsorption , A at constant 
filling of the micropore adsorption space, a, 
(dA/dT)a = 0 (A.6) 
The degree of filling of the micropores is defined as 
(A.7) 
Where i. is called the adsorption value and i. 0 is the limiting adsorption 
value corresponding to the filling of the whole adsorption space of 
micropores by the adsorbed molecule. 
Two fundamental relations of TVFM theory are Dubinin - Astakhov and 
Du binin-Radushkevich. Dubinin -Radushkevich equations is 
particularly employed to calculate micropore volumes of adsorbent from 
the adsorption isotherm data. Dubinin and Astakhov(DA) can be written 
in the following form; 
8 :: exp( -(AfE)KJ (A.S) 
l!. =A 0 exp[ -(AfE)KJ (A.9) 
Where E is the characteristic energy of adsorption and 1C is a small 
integer whose value is known in most of the adsorption systems. 
---------
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An analysis of numerous data on adsorption of vapours of various 
substances on active carbons with different microporous structure 
parameters showed that in most cases K= 2 
~ = ~ 0 exp[ -(AJE)2] (A.lO) 
This equation is called the Dubinin - Radushkevich (DR) equation. The 
practical form of this equation can be written as 
~ = (Wo/vM) exp [-(RT/~Eo)2ln2(P0/P)] (A.ll) 
where ~ = E/Eo is a parameter of the system called the similarity 
coefficient and Wo is the limited volume of the substance adsorbed and 
expresses the volume of the micropores in the adsorbent and vM is the 
molar volume of the adsorbed state. 
The linear form of the Eq.(A.ll) is 
Log ~ = Log(Wo/vM) - D Log2 (P0 /P) (A.l2) 
where D =(2.303 RT/~E0 )2 · 
Thus Wo can be worked out from the intercept of the Log a versus 
Lo g 2(P 0 /P) plot. 
In a substantial number of micropore systems , a good straight line is 
obtained by DR plot over a wide range of relative pressures. However 
the plot may deviate from linearity in one of several ways: it may turn 
upwards at high pressure ; it may fall into two straight lines , the line 
at high pressure being of lesser slope; it may have a convex or concave 
shape against the pressure axis. 
The most frequent deviation is that the DR plot turns upward at high 
pressure and this can be explained by capillary condensation 
occurring in relatively wide pores (mesopores) or multistage adsorption 
on the external surfaces. In such cases, the value of Wo can be 
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calculated by the intercept of the extrapolated straight line if the curve 
has a long linear portion at low pressure measurements. 
A.4. Adsorotion on 
or Mesoporous 
Non-Porous 
Adsorbents 
Adsorption of nitrogen on non-porous and wider pore size adsorbents 
generally follows Type 11 and Ill of the BDDT classification. Different 
theories have been proposed to interpret these isotherms but the most 
popular and successful has been that of Brunauer , Emmett and Teller 
(BET)(9). Application of the BET method to interpret Type Ill isotherms 
is less successful and is hardly practiced. 
A.4.1. The BET Eguatjon 
The BET model is an extension of the Langmuir model to adsorption of a 
multimolecular layer. As the relative pressure is increased and the 
monolayer nears completion , molecules start adsorbing successively 
into second and higher layers. The resultant isotherm does not show a 
saturation value as P/Po approaches I. Brunauer , Emmett and Teller (9) 
assumed as did Langmuir , that the adsorbent surface is an array of 
energetically uniform sites , that only one molecule adsorbed per site 
and that there is no mutual attraction between the adsorbed molecules. 
Further, each adsorbed molecule in the monolayer is assumed to be an 
adsorption site for the 2nd layer molecules and in a like manner further 
adsorbed layers are built up as the relative pressure increases until 
bulk condensation occurs. The energy of the 2nd and higher layer 
molecules is assumed equal to that of sorbate liquification (Ez= E 3= 
E i ...... = EL ) . By summing up the amount of gas adsorbed , V g , in all layers 
and taking the value of the nth layer as infinity leads to the following 
BET equation. 
(P/Po) _ (.ill.)(L) + _1_ 
v*[l-(P/Po)] VmC Po VmC (A.13) 
where, 
P = equilibrium pressure 
P 0 = saturated liquid pressure 
V* = volume adsorbed at P/Po 
v m = monolayer capacity 
C = constant = (a1b2/a2b1). exp(E1-EL)/RT 
and E 1 = heat of adsorption of first layer 
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EL= heat of condensation of the vapour to bulk liquid.( equals the 
heat of adsorption of all layers above the first) 
a 1b 2/a 2b 1 are groups of kinetic constants which are usually taken to 
have the approximate value of unity. 
Eq.(A.13) shows that the plot of (P/Po)/V*[1-(P/Po)] against P/Po should 
be straight line of slope, (C-1)/VmC and intercept , 1/VmC. From which; 
v m = 1/ (slope + intercept) and C = (slope/intercept) + 1 (A.14) 
The linearity of the BET equation , is limited to a relatively narrow 
range of relative pressure often quoted as 0.05 < P/Po < 0.3. The 
inadequacy of the equation at relative pressures below 0.05 is due to 
surface hetrogeniety and at high relative pressure owing to the its 
failure to account for capillary condensation. 
A.5. Surface Area Measurements 
The Surface area of adsorbents is calculated from the monolayer 
capacity, v m , by assigning a specific area to the adsorbate molecule at 
monolayer packing density. It is assumed that in the monolayer, the 
molecules are closely packed two dimensionally as in the liquid state. 
Nitrogen has been the most common standard reference gas for surface 
area determination with molecular area of 16.2 sq.A. 
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Specific surface area S is calculated from the monolayer volume V m, by 
given equation. 
(A.15) 
Where Am the is molecular area of the nitrogen molecule (0.162nm2), N 
is Avogadro's number ( 6.023xto23 molecules/mole) and VM is molar 
volume of gas at STP( 22414 cm3 ) (8) 
The values of surface areas obtained from the use of the monolayer 
capacity are not the absolute values but depend on the adsorbate -
adsorbent system. This method also does not take into account the 
geometric and energetic considerations which can influence v m and 
packing density at the monolayer. 
The BET equation can be used for the determination of surface area only 
if the "knee" of the isotherm is sufficiently sharp to give a clearly 
defined point "B"(see Fig.A.3). The "B" point is the inflection point in 
the isotherm which indicates the completion of the monolayer and the 
adsorption at point "B" equals the monolayer capacity. For Type 11 and 
IV isotherms this point can be obtained by extrapolating the linear 
portion of the isotherm and the point at which this line detaches from 
isotherm is chosen as point "B" (4). It is clear from the BET equation that 
in order to have a clearly defined " B" point , the C value should be 
sufficiently large ( say >50 for Nz). However, if the C value is too high 
(>200 for Nz) , the BET method will give high values for specific surface. 
High C values imply a considerable degree of localization or the 
presence of microporosity( Type I isotherm ). When a well defined point 
B is absent ( Type Ill isotherm) , although a BET plot can be made , no 
reliable surface area can be assigned. 
--------------------------------------------------------------------------------
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Fig.A.3. A typical type 11 isothenn showing point " B " 
A.6. Pore Size Distribution 
Pore size distribution expresses distribution of pore volume as a 
function of pore width. Several methods have been used to determine of 
pore size distribution (PSD) of adsorbent from nitrogen adsorption 
isotherm data. However application of these methods to PSD 
determination of microporous has long been a subject of 
discussion(4,10). Almost all the methods used for the analysis of Nz 
adsorption data make use of the fact that the pressure at which capillary 
condensation occurs in a panicular pore is related to the size of the 
pores. The Kelvin equation states the relationship between pore size 
and the relative pressure which is in equilibrium with condensed phase 
in a pore of give dimension. For an open-ended cylindrical pore this 
equation is written as 
r = 2.vM.y.Cos<1>/ RT In P/Po (A.l6) 
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Where, 
r = radius of the meniscus of the condensed adsorbate in the pore 
P/Po = relative equilibrium pressure 
y = surface tension of the condensate 
cj> = contact angle between condensate and the surface of the 
adsorbent. 
T= absolute temperature 
v M = molar volume of the adsorbate in the liquid state 
R = gas constant 
The application of the Kelvin equation is limited to mesopore or greater 
sizes of pores and it becomes progressively less accurate as the pore size 
decreases and beaks down when the pore becomes so small that 
molecular texture of the fluid becomes important. 
The pore size calculated by the Kelvin equation is not the real pore size 
but is the radius of the condensed liquid meniscus and allowance must 
be made for the adsorbed layers that appear on the walls of the pore 
prior to capillary condensation. This is done by 
isolated surfaces and calculating 
assuming the walls of 
the thickness of the the pores are 
adsorbed layer of molecules against the relative pressures of nitrogen. 
The assumption of adsorption on walls as a film of molecules is clearly 
valid only when the adsorbed film and opposing walls are far apart. In 
narrow pores , the adsorbed films are sufficiently close that molecules 
on opposing walls interact significantly and adsorption in the pores 
will be enhanced relative to that observed on non-porous surface. 
Many methods used nowadays for PSD are based on the the above 
described approach i.e Kelvin equation and wall adsorption These 
include the following methods: 
Wheeler 
Barret-J oyn er-H al end a 
Cranston-Inkley 
Dollimore-Heal 
------------------------------------
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A recent meihod described by Harvath and Kawazoe (11) has found use 
in PSD determination of microporous adsorbents. 
More recently Seaton and eo-workers ( 12,13 ) have adopted a new 
approach to determine pore size distribution in porous adsorbents. The 
method is based on the molecular model for nitrogen adsorption 
wherein molar density of nitrogen at pressure P in a certain pore is 
calculated from the forces acting between the existing molecules i.e. 
nitrogen-nitrogen and nitrogen-carbon. 
In addition to the limitations of the available methods to determine PSD 
in narrow pores with Nz adsorption data , there has not been any 
commercial equipment available until recently where Nz adsorption 
data can be obtained at very low relative pressure. Micromeritics has 
now introduced a system which is capable of acquiring data at the high 
vacuum range (10·5 -10·7 P/P0 ) which is needed to analyse the 
narrowest pores (ASAP2000 Micropore System) (14). This system is 
supported by software based on the Harvath and Kawazoe method. (I!) 
which calculates pore size distribution in micropore region. ( a simple 
ASAP2000 instrument can acquire data at minimum of 0.001 P/P0 ). 
A.6.1. Barret-Joyner-Halenda <BJHl Method 
The pore size distribution distribution obtained from the ASAP2000 is 
based on an algorithm which implements the BJH method(15) 
Generally , the desorption branch of an isotherm is used in the BJH 
method to relate the amount of adsorbate lost in a desorption step to the 
average size of the pores emptied in the step. A pore loses its condensed 
liquid adsorbate, known as the core of pore,( Fig.A.4), at a relative 
pressure related to the core radius by the Kelvin equation. After the 
core has evaporated , a layer of adsorbate remains on the wall of the 
pore. The thickness of this layer is calculated for a particular relative 
pressure from the thickness equation. This layer becomes thinner with 
successive decrease in pressure, so that the measured quantity of gas 
desorbed in a step is composed of a quantity equivalent to the liquid 
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cores evaporated in that step plus the quantity desorbed from the pore 
walls of the pores whose cores have been evaporated in that and the 
previous steps. 
PORE 
A 
D c L 
s 0 A WALL 
0 R y 
R E E 
B R 
E 
D 
END 
Pore size = pore size calculated with + Additional desorption at 
(rp) Kelvin equation, rk 
Fig.A.4. A schematic view of a pore 
lower relative pressures 
( () function of P/Po) 
The volume desorbed(V*) is converted to the liquid equivalent 
vol umes(V1,cc/g): 
V1 =V*. F0 (A.l7) 
Where F0 is the Density Conversion Factor (16) 
= 0.00!5468cm3 liq./cm3 gas STP (A.l8) 
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The corresponding Kelvin core radius is calculated 
rK = (·FK)/ ln(P/P0 ) (A.l9) 
FK = adsorbate property factor = 9.53 A(16) (A.20) 
The thickness of the remaining adsorbed layer at this relative pressure 
is calculated by the Harkins and Jura equation.(17) 
a = (13.99) I [ 0.034- log(P/P0 ) J(0.5) (A.21) 
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Eguipment 
Peristaltic Pump ; 
Watson-Marlow 502 SIR 
Silicone tubing(0.5mm bore) 
Fraction Collector 
Gallenkamp CL 270 
Shaker; 
GRANT Shaking bath 
reciprocating motion 
Stirring Motor ; 
Citenco, 0-6000 rpm range 
Tachometer; 
Power Instruments 
pH Meter; 
WPA CD640 digital pH meter 
pH glass electrode 
Columns; 
ID 18 mm ; Effective Ht lOOmm 
ID 12.7 mm ; Effective Ht 300mm 
ID. I Omm ; Effective Ht 400mm 
Precisa(O.OOO I g) 
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Balance; 
Electronic , 
Mechanical; Release-o-Metric, Oertling (O.OOO!g) 
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Appendix C 
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Active Carbon Suppliers 
European 
Sutcliffe Speakman Carbons Ltd. 
Guest Street.Leigh. Lancashire, WN 7 2HE England 
Tel. (0942) 672101. Fax. (0942) 677136 
Norit(UK) Ltd. 
Clydesmill Place , Cambusland lnd.Est. 
Glasgow G32 8RF Scotland. 
Tel. (41) 6418841 
Pica 
16, Rue Trezel 
92309 Levallois Cedex , France 
Tel.(l) 47396040 Fax. (I) 47393492 
Bayers(FGR) 
B ergwerksverband(FGR) 
Ceca(France, Italy) 
Chem viron(Bel gi um) 
Degussa AG(FGR) 
Thomass Ness(GB) 
Amerjcan 
Calgon Corporation 
P.O.Box 1346, Pittsburg , Pa.15230 
ICI Americans , Inc. 
Willmington, Del. 
Wesvaco 
carbon Dept. , Covington , Va.24426 
Carborundum Company 
P.O.Box 1054 , Niagra Falls , NY 14302 
Husky Industries, Inc. 
Route I Box 275 , Dunnnellon, Fla.32670 
Witco Chemical Corporation 
277 Park Avenue , NY 10017 
Barneby-Cheney Co. 
Box.2526 Columbus , Ohio 43216 
Asjans 
China Activated Carbon Co.,(Taiwan) 
Daichi Tanso Kogyo(Japan) 
Futamura Chemical Ind.(Japan) 
Kuraray Chemical Corp.Uapan) 
Nikon Jescoal Sangyo Co.(Japan) 
Takeda Chem. Ind.(Japan) 
Tsurumicoal Kogyo Co.(Japan) 
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Phillipines-Japan-Active Carbon Corp.(Phil.) 

